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CHAPTER I. INTRODUCTION 
A. Sludge disposal problem 
Pork production is an integral part of the US and world economy. Presently there are 
approximately 14,000 pork operations in the United States and over 80% of these produce 
1000 or more hogs per year. Pork represents 44% of the world's meat consumption and 
supplies over $64 billion in total US economic activity. The world hog population estimates 
increased from 723 million in 1998 to 734 million in early 1999. Global pork consu~ption 
set a new high in 1999 at 76.8 million metric tons this is an increase from 75.3 million in 
1998 (CRB, 1999). 
Swine production facilities are becoming more consolidated. The trend over the last 
twenty years is a smaller quantity of larger production facilities. These large pork production 
facilities produce large amount of manure or organic waste slud e. A single swine facility of 
_;) ... 1 ~l.j.. xiO b f~ 1"' 
~-;:/ - i ,, .J - , _ ::f 
20,000 head produces over 10 million gallons of sludge, _ Rer year; this is more organic waste than a 
town of 100,000 people produces in the same time period (Hayes et al. 1990). A 135 lb swine 
will produce 11.1 lbs of feces and urine a day, approximately two tons of sludge per year just by 
" ~n '!, ./4 , •1.L 'C' ""!I I t f? l •J/, 
one hog (Barker et al. 2002) J__rJ_ «)UQ ~-up; 
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For most of these large swine production facilities anaerobic digestion offers many 
benefits for treating the large amount of manure produced. Anaerobic digestion is a process 
where bacteria decompose organic and inorganic matter in the absence of oxygen. There are 
many advantages to anaerobic digestion: the production of methane, nutrient conservation, 
pathogen reduction, odor control and removal of soluble contaminants (Hayes et al., 1990). Two 
waste streams are generated by conventional anaerobic digestion processes, supernatant and 
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concentrated sludge normally around 6% to 9% solids. Disposal of the supernatant is relatively 
easy; most crop farmers use it on the fields as fertilizer and soil conditioner with little to no effect 
on the environment. The concentrated sludge produced from anaerobic digestion can contain 
high concentrations of pollutants, because anaerobic digestion tends to concentrate heavy 
metals, salts and organic pollutants in the sludge. Consequently one or all of the following 
may be present in high concentrations in anaerobically digested sludges: toxic metals, 
pathogenic organisms, and recalcitrant organic compounds (Lombardi et al., 2001) 
The process of anaerobic digestion causes metals to precipitate and be absorbed in 
bacteria cells or trapped in bioflocs (Blais et al., 1993a). In addition, during sulfate 
reduction, the sulfide forms bonds with metals and creates metal sulfides which are highly 
insoluble in water. Anaerobic sludges have high metals content due to the precipitation of 
metal sulfides and the metals that bond to the organic bioflocs. The majority of the metals, 
90%, found in sludges are in the solid form (Lombardi et al., 2001 ). The trace metals can be 
harmful to plants and animals, as they may be phytotoxic (Tyagi, et al., 1988) 
Sulfides of metals in anaerobic sludges are controlled primarily by inorganic 
solubility. Metal sulfides vary for different types of metals; most metals go into simple 
sulfides such as ZnS. Copper on the other hand can form cuprous sulfide Cu2S which is 
more insoluble and therefore controls the solubility of this metal (Tyagi, et al., 1988) 
Metals associated with the organics in sludges are strongly bound and therefore less likely to 
escape into the disposal environment than inorganic precipitates. 
Zinc and copper are supplemented into the swine's diet tostimulate growth. Common 
doses of copper and zinc are 250 and 4000 ppm respectively (Swine Nutrition, 1998). The 
concentrations of heavy metals in anaerobically digested swine manure are approximately 
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1,200 mg/kg of copper and 2,900 mg/kg of zinc. These metals can be found in many forms: 
exchangeable, carbonatic, reducedible, organic/sulfide, and residual. Research shows that 
most of the metals are in the organic or sulfide forms followed the next most concentrated 
form is reducible (Garcia-Delgado et al. , 1994) 
Table 1. Maximum metal concentrations in biosolids (mg/kg dry wt.) for land application 
(Matthews et al. , 1996) 
Country Cu (mg/kg) Zn (mq/kq) 
Austria 400 1600 
Belqium 600 2500 
Denmark 1000 4000 
EU Present 1000 2500 
EU Lonq Term 600 1500 
Finland 500 500 
France 1000 3000 
Germany 800 2000 
Ireland 1000 2500 
Italy 1000 2500 
Netherlands 75 300 
Norway 1000 1500 
Spain 1000 2500 
Sweden 600 800 
Switzerland 600 2000 
US EPA 1500 2800 
Ontario Present 1700 4200 
Ontario Lonq Term 380 840 
B. Sludge disposal alternatives 
Swine manure sludge also known as biosolids is an organic rich sludge that contains 
ample amounts of both nitrogen and phosphorous. The four most common disposal 
alternatives for biosolids are land filling, incineration, ocean dumping, and land application. 
Other outlets may be used to dispose of sludge such as oil production, protein extraction, wet 
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oxidation, gasification, silviculture or use as building material, but these options consume 
only a very small percent of the total sludge produced. 
Disposal of sludge in landfills is used for more than 40% of sludges in Europe and 
approximately 20% of sludges in United States. Land filling sludge is an economical 
solution, but it is not a sustainable disposal method. Another problem with landfilling arose 
when some countries established regulations that forbid land filling of solid wastes with 
greater than 5% organic matter (Veeken et al., 1999). Sludge production continues to 
increase, while sludge disposal options continue to decrease as more stringent environment 
regulations are established. 
Incineration, or thermal reduction, has some advantages of over other disposal 
methods such as maximum reduction of volume, optimum destruction of pathogens, 
destruction of toxic compounds, and energy recovery potential. The disadvantages seem to 
outweigh the advantages because incineration has both high capital and operating costs as 
well as adverse environmental effects. Both air emissions and ash residues are expensive to 
treat and difficult to dispose of (Garcia-Delgado et al., 1994). Emissions of sludge 
incineration include acid gases, greenhouse gases, heavy metals, and volatile organic 
compounds. These pollutants can be reduced by flue gas treatment although this increases 
the cost of incineration significantly. 
Many ecological changes occur when sludge is disposed of in the ocean; sludge 
disposal at sea increases turbidity, buries benthic organisms, toxic to biota, contaminates the 
sea floor, and causes chemical changes which increase the mobility of some trace elements 
in the sludge. Free metal ions form toxic complexes with major ions or dissolved organic 
ligands in the ocean. These metals can then bioaccumulate in marine biota which can cause 
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a direct concern for humans consuming fauna that have been in contact with the 
contaminated dumping areas (Garcia-Delgado et al., 1994). The UK disposed of 
approximately 30% of its sludge into the ocean until 1998, when ocean disposal of sludge 
was banned by the European Commission (Stubblings et al., 2001 ). Ten years earlier the US 
banned dumping of sludges into the ocean (Orlando, 1997). These bans have eliminated the 
ocean as an alternative for disposal of sludges in developed nations. 
Land application is a process that has been used for many decades; biosolids are 
spread on land which allows for the recycling of nutrients and organic matter. It also helps 
to improve the condition of the soil as biosolids replace nutrients and organic matter while 
improving physical properties of soil such as bulk density, aggregation porosity and water 
bearing capacity of soils. Land application in some aspects can act as further treatment from 
sunlight, soil microbes, and desiccation combine to destroy pathogens and some toxic 
organic substances found in the sludge. When land-applying any sludge, many factors must 
be investigated to determine the sludge will not harm the ecosystem; among SUCH factors 
are organic content (volatile solids), nutrients, pathogens, metals, and toxic organics (Garcia-
Delgado et al., 1994) 
Factors which must be addressed when dealing with land application of anaerobic 
sludges are metal concentration and pathogens. The characteristic of pollutants in sludges 
varies depending on the original pollutant load and the treatments carried out on the sludge. 
Untreated sludges contain many different pathogens, such as bacteria, viruses, 
protozoa, and helminthes. Anaerobic digestion reduces the amount of pathogenic organisms 
but does not eliminate them; therefore when applying anaerobic sludges to land as fertilizer, 
there is an increased risk of the presence of pathogenic organisms and helminthic worms. 
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Thus, the transmission of pathogens creates problems for livestock that might be infected by 
salmonella or tapeworms (Bruce et al., 1989). 
Although some metals are necessary as micronutrients, at high levels they may be 
harmful to crops. Heavy metals taken up in plants and then transferred to animals during 
consumption begin to accumulate and progress up the food chain (Couillard et al., 1994). 
Toxic metals in the food chain can become concentrated by bioaccumulation and cause 
carcinogenic, mutagenic and tetatogenic effects to humans (Lombardi et al., 2001 ). The 
metals can also be dissolved and then distributed by surface and groundwater contaminating 
both land and water (Gomez et al., 1999, Tyagi et al., 1994). Toxic metals have been shown 
to accumulate in a very short time periods even when the applied sludges are within the 
government restrictions (Fournier et al., 1998). Because anaerobic sludges can concentrate 
heavy metals, disposal by land application is inappropriate without treatment. 
Land application appears to be the most economical and sustainable alternative for 
final sludge disposal, but heavy metal concentrations restrict the use of the biosolids. Many 
sources say that sludges being applied to land presently do not meet standards set by 
government; one paper reported 50% of US sludges exceed regulations, and 85% of UK 
exceed regulations (Blais et al., 1993a). These facts make sense considering European 
standard are much more stringent than United States regulations. The EPA 503 Sludge 
Regulation sets pollutant ceiling limits, annual pollutant loading limits and pollutant 
concentration limits for 10 heavy metals. It also sets limits on pathogens, sets standards for 
record keeping, application, management, and provides general requirements. The 503 
sludge regulations are self implementing, and all testing on sludge is done by the sludge 
producers themselves. Limits set by EPA 503 are on average eight times higher then those 
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set in Denmark, Canada, France, Netherlands and the European Economic Community. The 
difference in the regulations is that European standards are based on keeping land free of 
contamination, whereas the EPA 503 uses risk assessments for human contact and affects on 
humans (Orlando, 1997). 
To summarize, the basic problem is that sludge production will continue to increase, 
while sludge disposal options continue to decrease as more stringent environment regulations 
are established. The most sustainable option for the environment and the pork producing 
facilities appears to be a combination of advance treatment of sludge and land application. 
Therefore, land application is going to be crucial in the future, to help recycle nutrient back 
to fields that are lost to eroding top soil and yearly crops. Sludges will need to meet heavy 
metal, pathogen and organic levels set by the government. When biosolids exceed 
regulations limits, the biosolids need be detoxified before they can be used as fertilizer. 
C. Advanced metal removal technologies 
Techniques of metals removal include chemical, physical, and biological methods. 
One of the most common method to remove insoluble metals from biosolids or contaminated 
sediments is through metal leaching. There are several different leaching methods used: 
organic and inorganic acid leaching, metal extraction, and bioleaching. Acid leaching 
consists of adding strong acids to the sludge to lower the pH of the sludge to around 2 or 
until the insoluble metals become soluble. Organic leaching processes add citric acid and 
oxalic acids to the sludge while inorganic acid leaching adds sulfuric acid, hydrochloric acid 
or ethylene diamine tetracetic acid (EDTA) to lower the pH. Electrokinetics, chlorination, 
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ion exchange, chelating agents and oxidative acid hydrolysis are all_treatments that have been 
researched for removal of insoluble metals. 
Electrokinetics is a relatively new field, in which electrodes and a DC current are 
used to displace adsorbed metal ions by the migration of hydrogen ions passing from the 
anode to the cathode. In electrokinetics solubilized metals are transported by 
electromigration to the cathode where they can be recovered (Manini et al., 2000). The ease 
of metals recovery is a great advantage over the other metal removal processes, but the 
feasibility of using this technology on a large scale is simply uneconomical. 
Metal extraction or acid leaching using EDT A and liquid ion exchange can achieve 
excellent metals extraction rates, but both have practical limits (Ravishankar et al., 1994). 
Acid leaching can achieve high solublization efficiency in a short time period, but there are 
many disadvantages, high costs, large acid requirements, large lime requirements, operational 
difficulties, and practicability on large scale (Blais et al., 1993c, Tyagi et al., 1988). Studies 
indicate that acid leaching is ineffective at solublizing copper from anaerobic sludges 
(Couillard et al., 1994). This is a disadvantage of acid leaching because copper is 
consistently high in most anaerobic sludges. 
Organic acids like citric acid and oxalic acids can be used to remove metals trapped 
in solids. Unlike inorganic acids, organic acids are easily degraded and do not require further 
treatment after metals are leached out. Levels of pH required during extraction using organic 
acids are much higher - pH's of 3 to 5 - than levels in inorganic acid - pH's of 1 to 2 -
because leaching with organic acids are based less on pH and more on the complexing 
behavior of the citrate anion (Veeken et al., 1999). Leaching with organic acids appears to 
9 
be an environmentally friendly and sustainable procedure, although the costs make this 
process uneconomical. 
The main advantage of using microbial leaching over acid leaching is the cost saved 
on the large amount of acid required in acid leaching (Blais et al. , 1992). Blais did a direct 
comparison of acid leaching and microbial leaching and found that microbial treatment is 
80% cheaper than acid leaching. One study found that microbial leaching reduced copper 
concentrations to levels lower than the concentrations attained from acid leaching, at 
comparatively higher pH levels (Tyagi et al., 1988) 
Cost estimate of acid leaching and microbial leaching were studied on full scale 
operations at wastewater treatment plants by Sreekrishnan et al. , 1996. The study found that 
microbial leaching was more attractive on low plant capacities and high solids content, 
whereas acid leaching was a more attractive process at high plant capacities and lower solids 
concentration. Since pork producing facilities could be more readily compared to low plant 
capacity treatment plants with high solid concentrations, this reinforces that the most 
economical method for removing metals from sludges is microbial leaching processes. 
"Combined sludge digestion with metal leaching using the sulfur oxidation method is highly 
attractive from an economic point of view" according to Sreekrishnan and his colleagues, 
1996. The research in this thesis focuses on removing metals from anaerobically digested 
swine manure using sulfur oxidizing bacteria in a process called bioleaching. 
D. Bioleaching 
Bio leaching is the solubilization of metals in which bio-acidification is achieved 
using microorganisms. The acidophilic bacteria used in bioleaching processes have evolved 
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to thrive in harsh oxidizing conditions and conditions that may destroy most other organisms 
(Torres et al., 1995). The acidophilic bacteria lower the pH by oxidizing reduced forms of 
iron or sulfur to sulfuric acid. Microbial metabolism causes insoluble metal sulfides to be 
converted to soluble metal sulfates, consequently acidifying the biosolids and mobilizing 
metal ions (Torres et al., 1995, Tyagi et a., 1988, White et al., 1998). 
The bioleaching process is a partial application of the sulfur cycle, shown in Figure 1, 
which consists of the different states of sulfur and the microbial processes leading to the 
changes of the states of sulfur. Theses sulfur microbial processes include sulfate reduction, 
partial sulfide oxidation to elemental sulfur, and complete sulfur oxidation to so/-. 
Metals Processing 
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Figure 1. Sulfur cycle for removal of heavy metal from biosolids (Lin et al. , 1999) 
The definition of bioleaching according to J.G. Lin and S.Y. Chen is "The 
solubilization of metals from solid substrates either directly by metabolism of leaching 
bacteria ( oxidation of metal sulfides) or indirectly by the products of the metabolism 
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(production of sulfuric acid)." (Chen et al. , 2000). The efficiency of bioleaching depends on 
many physicochemical and environmental factors (Lombardi et al. , 2001): sludge type, 
organic matter concentration (volatile solids), substrate concentration, ORP, pH, temperature, 
metal concentrations, types of metals, total solids concentration and energy source. 
Bio leaching can be coupled with other processes of the microbial sulfur cycle such as sulfate 
reduction in supematants already treated by bioleaching or partial oxidation of sulfides to 
produce elemental sulfur (Tichy et al., 1998) 
Bioleaching also has the ability to reduce the volatile solids in the anaerobic sludge 
even further. The highly oxidizing environment created by the acidophilic bacteria enhances 
the digestion of organic matter in the biosolids (Shanableh et al., 1999). Research has shown 
that bioleaching can successfully reduce the toxicity of the sludge (Renoux et al., 2001 ). In 
summary, incentives for using the bioleaching process, include: economic, simplicity, 
- -volatile solids reduction, and reduction of toxicity. 
E. Objectives of study 
Bioleaching has been thoroughly studied in contaminated sediments, aerobic sludges, 
anaerobic sludges, activated sludges and other municipal wastewater sludges. Studies have 
yet to be conducted on the feasibility of using bioleaching processes on anaerobic sludges 
originating from swine manure. 
The characteristics of anaerobic sludges from typical wastewater treatment 
plants and swine production facilities are comparable. The concentrations of organic matter 
and metals are comparable, although the concentrations of ammonia and salts are much 
higher in digested sludges from swine manure. Ammonia concentrations in s~udges from 
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wastewater treatment plants -(WW-l'P) using anaerobic digestion precess-es are typically 
around 500 - 600 mg/1 but can reach values up to 1,500 mg/1, whereas undiluted swine sludge 
values average around 3,000 mg/1 and can be as high as 4,500 mg/1. Ammonia is toxic to 
most bacteria at high concentrations. Bioleaching has been shown to be an effective process 
for removing metals from WWTP biosolids (Tyagi et al., 1988, Blais et al., 1992a, Gomez et 
al., 1999, Renoux et al., 2001), but there is no indication how the bacteria will respond to 
anaerobic sludges originated from swine manure with high concentrations of ammonia. This 
research investigates the feasibility of using bioleaching on anaerobically digested swine 
manure, while exploring a variety of factors that may influence the bioleaching process. 
The primary objective of this research is to determine if bioleaching is feasible for 
anaerobically digested swine biosolids. Other goals are to study the effects of solids 
concentration and substrate concentration, which previous research identified as the two most 
important factors. Other areas of the bioleaching process that will be studied are pathogen 
removal, sulfur substrate consumption, and need for introduced sulfur oxidizing bacteria. 
The data taken in this study consist of metal concentrations of zinc and copper, ORP, pH, 
sulfate concentration, nitrate concentration, total solids concentration, and pathogen 
concentrations. Zinc and copper concentrations will be the only metals tested because these 
metals are supplemented into the swine's diet to stimulate growth. Initial testing of 17 
samples of anaerobically digested swine manure from two swine facilities in Iowa show 
values of 1,193 ± 285 mg/kg of copper and 2,856 ± 907 mg/kg of zinc, both concentrations 
are bordering EPA limits and are well above most of the European limits. 
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CHAPTER II. LITERATURE REVIEW 
A. Introduction 
This chapter will review literature about the essentials elements of the bioleaching 
process. The mechanisms used by acidophilic bacteria to achieve metals removal will be 
reviewed along with the uniqueness of the Thiobacilli used in bioleaching. Factors that 
affect the efficiency of bioleaching such as substrate concentration, temperature, and sludge 
type are also assessed. A discourse about the inhibition of the bioleaching due to anions, 
organic content and heterotrophic bacteria is contained within in the following chapter. To 
conclude this chapter, the costs of bioleaching and current applications of bioleaching will be 
discussed. 
B. Thiobacilli 
Acidophilic bacteria occur readily in nature. Indigenous acidophilic bacteria are 
present in most sludges and soils but under nonp.al conditions the concentrations of reduced 
sulfur compounds and iron do not permit development of these bacteria (Blais et al., 1993c ). 
The presence of less acidophilic and acidophilic bacteria was found in all 23 different sludges 
from WWTP tested by in a study on microbial verses acid leaching (Tyagi et al., 1994) 
Acidophilic bacteria in nature can cause serious environmental problems like acid 
mine drainage, mine tailing leachates or acid sulfate soils. Another example of problems 
caused by acidophilic bacteria in nature occur in wetlands. During drought, the bacteria 
present in the anaerobic wetland sediment are exposed to the atmosphere. Once exposed to 
the atmosphere, the sediments have a rapid decrease in pH followed by solubilization of 
14 
metals. When the metals are in a soluble form, they are more dangerous pollutants than 
insoluble metals. 
Most sulfur oxidizing bacteria are chemlithoautotrophic bacteria; some examples are: 
Thiobacillus ferrooxidans, Thiobacillus thiooxidans and leptospirillum ferrooxidians. 
(Rawlings et al., 1995). Chemolithoautotrophs, obtain carbon from carbon dioxide in the 
atmosphere and the energy required for carbon fixation is acquired from the oxidation of 
sulfur, reduced sulfur compound or reduce ferrous iron. Thiobacilli attain energy by 
chemical reactions, specifically oxidation reduction reactions where forms of reduced sulfur 
and ferrous iron serve as electron donors and oxygen, nitrate and nitrite can serve as the 
terminal electron acceptor. Ferrous iron is oxidized to ferric iron by T ferrooxidians, and 
reduced forms of sulfur are oxidized to sulfuric acid by T thiooxidians (Rawlings et al., 
1995, Torres et al., 1995). 
Thiobacilli solubilizes metals two ways: direct metabolism - where metal sulfides are 
oxidized to sulfates by the bacteria - and indirect metabolism - where by the production of 
sulfuric acid and subsequent lowering of the pH (Couillard et al., 1994). The changes in pH 
and sulfur oxidation state lead to changes state and in mobility of cationic metals like zinc 
and copper. The two species of Thiobacilli used most commonly in generating this oxidizing 
environment are T thiooxidans and T ferrooxidans, although the mechanisms by which 
these two species solubilize metals are unique. Insoluble metal sulfides, in conditions 
produced by Thiobacilli, tend toward metallic ion formation by the following equations 
(Lombardi et al., 2001) 
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T. thiooxidans indirect method of metal solubilization 
2S + 302 + 2H2O 2H2SO4 
T. ferrooxidans indirect method of metal solubilization 
(1) 
2FeSO4 + ½ 02 + H2SO4 Fe2(SO4)3 + H2O (2) 
4Fe2(SO4)3 + 2MS** + 4H2O + 202 2M
2
+** + 2SO/- + 8FeSO4 + 4H2SO4 (3) 
T. thiooxidans and T. ferrooxidans direct method of metal solubilization 
MS**+ 202 MSO4 (4) 
* *MS is the metal sulfide and M2+ is the soluble metal ion. 
Sulfuric acid production is a byproduct of metabolism of T. thiooxidans shown in 
Equation 1, thereby acidifying the slurry and mobilizing metal ions indirectly. 
Reactions 2 and 3 are the indirect method of metal solubilization for T. ferrooxidans. 
Reaction 2, is a biological reaction and part of the active metabolism of T. ferrooxidans 
Reaction 3, is independent of T. ferrooxidans it takes place chemically. The two reactions use 
a cyclic process to achieve greater metal solubilization (Tyagi et al., 1988) 
Equation 4 is an example direct metal solubilization of simple reduced sulfide 
compounds such as, NiS, ZnS, CoS, and CuS (Blais et al. , 1992a, Gomez et al., 1999, 
Renoux et al., 2001). Both T.ferrooxidans and T. thiooxidans can directly oxidize metallic 
sulfides to metal sulfates. 
Studies have shown that T. thiooxidans in general produce better conditions for the 
bioleaching than T.ferrooxidans (Lombardi et al., 2001). Reduced compounds are more 
efficiently and more rapidly oxidized by T. thiooxidans than T. ferrooxidans, although T. 
thiooxidans do not have the a~ility to oxidize iron, copper and uranium (yomez et al., 1999). 
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A major disadvantage with using T. ferrooxidans is that the initial sludge pH must be reduced 
to 4, using an alternative acid form. It is at this pH the T. ferrooxidans can prosper. This 
means that the cost of using T. ferrooxidans in bioleaching is greater than using T. 
thiooxidans. Introducing T. thiooxidans into the sludge not only requires lower amounts of 
acid but also achieves higher metals yields than iron oxidizing bacteria (Blais et al., 1992b ). 
In experiments using mixed cultures - like the experiment in this thesis - bioleaching 
is achieved by using both less acidophilic and acidophilic species of Thiobacilli. Table 2 
contains a list of known species of both less acidophilic and acidophilic Thia bacilli. 
Between pH levels of 7 and 4, the less acidophilic Thiobacilli species dominate (normally T. 
thioparus). Once the bioleaching process reaches pH of 4, the more acidophilic species, T. 
thiooxidans, begin to dominate and they become more abundant in the sludge (Ravishankar 
et al., 1994, Shanableh et al., 1999). Different species of Thiobacilli tend to dominate at 
different pH levels, as can be seen in Table 3. Some studies indicate that initial sludge 
acidification may not be due to acidophilic bacteria at all but due to several non-acidophilic 
species in the sludge (Blais et al., 1993a) 
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Table 2. List of species of the genius Thiobacillus (Blais et al., 1993a) 
Thiobacilli Group 
Less Acidophilic 
Acidophilic 
Species 
aguaesulis 
capsuatus 
delicatus 
denitificans 
intermedius 
neapolitanus 
novellus 
perometabolis 
rebellus 
tepidarius 
thermophilica 
thioparus 
thyasis 
versutus 
acidophilus 
albertis 
cuprinus 
ferrooxidans 
kabobis 
organoparus 
prosperus 
thiooxidans 
Table 3. Isolation of Thiobacilli species at different pH levels (Blais et al., 1993a) 
pH Range 
5.5- -6.8 
4.5- 5.5 
3.5- 4.5 
2.8- 3.5 
2.0- 2.8 
Species 
T versutus 
T denitrificans, T. novellas, T tepidaruis 
T thioparus 
T neapolitanus, T peronetabolis, T delicates 
T intermedius 
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The Thiobacilli spedes -ahove -use sulfur in two ways, during-bfofoaching. First, 
Thiobacilli physical attach on the surface of the elemental sulfur for oxidation (Ravishankar 
et al., 1994). Then the T. thiooxidans attached to the surface of the sulfur and begin to 
metabolize the sulfur, as Equation 1 shows. 
Growth rates of T. thioparus and T. thiooxidians where studied by Blais, Tyagi and 
Auclair who found that growth rates of these bacteria varied between .079 and .104 h- 1 
(Tichy et al., 1994). In their study, less acidophilic bacteria had faster growth rates than 
more acidophilic species (Blais et al., 1993a). Blais' studies also indicated that "growth of 
leaching bacteria represent the rate-limiting step for metal solubilization from sludge 
particularly at low temps." Studies have looked in depth at the kinetics of the bacteria in 
bioleaching and estimated rate constants for bacterial leaching and the activation energies for 
thiobacilli ( 40 - 64 kJ/mol) (Blais et al., 1993b ). 
Other research shows that two types of bioleaching techniques exists using 
Thiobacilli. Intensive bioleaching uses high concentrations of acid and low pH levels (less 
than 2.5) over short periods of time ( around 20 hours). Extensive solubilization described by 
Tichy, Rulkens and Grotenhuis was performed at high extraction times greater than eighty 
hours and used low concentrations of acid and higher pH levels. Their results indicated that 
intensive bioleaching was the optimum procedure to gain significant metal solubilization 
(Tichy et al., 1998) 
In principle, the bioleaching process can be followed by a sulfate reduction step to 
treat the supernatant. Sulfate reduction leads to the formation of metals sulfides which can 
remove metals solution by precipitation. This sulfide in the right conditions of partial 
19 
oxidation can produce biological sulfur. Using these two processes in series would complete 
the sulfur cycle as seen in, Figure 1 (Tichy et al., 1994). One study by White et al., 1998 
researched the feasibility of using bioleaching with bioprecipitation under semi-continuous 
flows. Their results showed it was feasible although the paper never compared the costs or 
efficiency to other precipitation methods. 
C. Factors affecting the bioleaching process 
Bioleaching and metal solubilization depend on many physical and chemical factors 
as well as environmental factors. Factors include sludge type, organic matter content, 
substrate, ORP, temperature, metal concentration in sludge, types of metals present, pH, total 
solids, aeration and the energy source (Lombardi et al., 2001, Couillard et al., 1994). 
Numerous studies and papers have been completed to determine the most influential 
factors associated with bioleaching. The paper seems to conflict concerning which factors 
are most important or which is the rate-limiting step. Some studies found that substrate and 
temperature had greatest effect, while total solids had little to no effect (Anderson et al., 
1998). Other studies found sulfur concentration, sludge type, and total solids were not 
important factors in bioleaching, whereas the type of sulfur oxidizing bacteria used and 
substrate had great effect (Blais et al., 1992a). In a study on contaminated sediments, total 
solids directly affected the rate of solubilization and elemental sulfur concentrations above 5 
g/1 were found to be inhibitory (Chen et al., 2000). One area that all papers seem to agree 
upon is that as temperature increases the solubilization rate of metals also increases. 
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Many factors need to be discussed and examined to determine if they have an affect 
on the bioleaching process. Conclusions from other research about how the most common 
factors affected there experiments will be presented in the following sections. 
a. Inoculation 
Some studies use inocula to increase the amount of Thiobacilli in the sludge, 
with the assumption that the more Thiobacilli in the sludge the faster the rate of metal 
solubilization. A sensitivity analysis performed by Sreekrishnan et al., l 996, showed that 
higher initial concentrations of bacteria served to reduce time of bioleaching. Some 
researchers use pure inocula of thiobacilli species to know exactly what species are dominate 
in the experiment. Other experiments use mixed cultures attained from acclimation 
processes or natural sources such as acid mine drainage or acid soils. Research shows that 
mixed cultures of thiobacilli gave 10% more solubilization than pure culture, and 
experiments with mixed cultures were completed 10 days faster on average than those simply 
using the indigenous acidophilic bacteria (Tyagi et al., 1988). The acclimation process for 
biosolids is a means to enhance the indigenous acidophilic bacteria living in the sludge. The 
standard acclimation process was developed by Blais et al., 1993b. It consists of a series of 
transfers of biologically acidifie? sludge at the end of the bioleaching process to sludges just 
beginning the bioleaching process. This series of transfers develops a higher concentration 
of Thiobacilli than would normally be present in the sludges. Figure 2 shows how the rate of 
acidification increases with each successive transfer for an aerobically digested sludge. 
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• 
Figure 2. Adaptation of sulfur oxidizing for aerobically digested sludge, pH vs. Time, ( 0 = 
Control with out sulfur, = Sterile control with sulfur, • = Initial acidification, L, = First 
transfer, .._ = Second transfer, = Third transfer) (Blais et al., 1993b) 
b. pH/ORP 
Most papers agree that metal solubilization depends on the chemical environment, 
namely pH, ORP and ligands (negative ions or uncharged molecules). In normal bioleaching 
processes, pH decreases and ORP increases are results of biological activity of Thia bacilli. 
Som~ papers loosely stated that solubility of metals was primarily dependent on pH and ORP 
(Blais et al. , 1993c, Du et al., 1995), while others went as far as to say pH is governing 
factor in metal solubilization. In bioleaching, lower the pH values, yielded higher metal 
extraction (Chen et al., 2000, Tichy et al., 1998). Solubilization of metals may be primarily 
governed by pH, although ORP has been shown to directly affect the solubilization of some 
insoluble metal compounds (Lombardi et al., 2001 ). Most papers acknowledge that a change 
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in both pH and ORP was required to disrupt the chemical equilibrium enough to convert 
insoluble metals to their dissolved metal ion form (Tyagi et al., 1988). 
Metal solubility is based on two main factors, ORP vs. pH, although different species 
of metals are effected in by each factor, differently. An example of varying effects of ORP 
and pH on solubility is the difference between copper and zinc. A few studies show that Cu 
appears to be dependant on both pH and ORP while Zn is mainly dependant on pH. The 
experiments show metals using the indirect solubilization mechanism, talked about 
previously, are very ORP dependant. Because copper solubilization is strongly influenced 
by ORP, it is proposed that copper is solubilized indirectly (Couillard et al., 1994, Tyagi et 
al., 1988). 
Some experiments like Hayes, tried to increase the ORP of anaerobic sludges through 
aerobic biological treatment before bioleaching. His results were noticeably better after the 
aerobic treatment (Tyagi et al., 1988). This is one reason why the aerobically treated sludges 
may be better suited for bioleaching processes. 
c. Temperature 
Temperature is one factor that has been studied extensively; the consensus is that as 
temperature is increased the rate of solubilization also increases, although there is a 
maximum temperature at which mesophilic bacteria can proliferate. After a study of 
bioleaching and the effects of temperature, Lombardi et al. concluded that temperature is the 
rate limiting step is for metal solubilization (Lombardi et al., 2001 ). Studies of maximum 
temperatures and temperature ranges indicate that the optimum range for sulfur oxidizing 
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bacteria is found to be 28 to 33 °C, with maximum temperature found to be in the range of 35 
to 40 °C (Niemela et al., 1994). 
Most Thia bacilli are mesophilic and dominate in temperatures under 3 7 °C, but some 
thermophilies and extreme thermophilies have been isolated. Thermophilic sulfur oxidizing 
bacteria genus, Sulfolobus, can oxidize sulfur at temperatures between 55 and 80 °C. These 
bacteria have been found naturally occurring in acidic soils or thermal springs (Torres et al., 
1995). No psychrophilic species are known, but Thiobacilli can have limited activity in 
temperatures as low as 2 (Niemela et al., 1994). 
A study researching bioleaching and temperature found that pH reduction gradually 
decreased as temperature was lowered, and that above a temperatures of 42 °C the pH did not 
drop below 4 (Tyagi et al., 1994a). Another paper found similar results: sulfur oxidizing 
bacteria rates increased up to 35 degrees C; above 35 °C, the biosolids decrease to pH of 4 
then remain constant; and increasing temperature from 7 to 28 °C reduced the bioleaching 
time from 14 to 5 days (Blais et al., 1993b). Growth curves of both less acidophilic and 
acidophilic Thiobacilli at different temperatures from Tyagi et al., 1994 are located in 
Figures 2 and 3. These figures clearly show that the less acidophilic species are the dominate 
species in the initial 5 days while the acidophilic species are dominate after 5 days. The 
figures also show that with increasing temperature the growth rates increase and the less 
acidophilic species can handle the higher temperatures, 43 °c, while the acidophilic species 
are inhibited at these temperatures. 
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Figure 4. Growth curves ( a) and specific growth rates (b) for acidophilic Thiobacilli species 
at different temperatures (Tyagi et al., 1994) 
It appears that temperature has and indirect affect on metal solubilization, due to the 
fact that temperature seems to affect the metabolism of the Thiobacilli. At higher 
temperatures the bacteria are able to oxidize sulfur more efficiently and therefore drop the 
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pH more rapidly. This assumption is made based on one study which found that at constant 
pH metal solubilization was the same regardless of the temperature (Tyagi et al., 1994a). 
d. Substrate 
In most cases the concentration of reduced sulfur in sludges is sufficient to produce 
enough sulfuric acid to reach pH's at which metals will become solubilized; therefore 
additional substrate normally has to be introduced (Tichy et al., 1998). The fact that 
substrate must be added to affect the bioleaching process is a well studied; some papers 
proved by statistical means that substrate concentration was one of the most important factors 
(Couillard et al., 1994). Others observed that without the addition of an energy source, no 
pH reduction transpires, therefore bioleaching is dependant on a furnished energy source or 
substrate (Lombardi et al., 2001) 
The discrepancies among substrates in the papers occur when determining optimum 
concentration of substrate to add. Some papers say the optimal amount of substrate to add is 
0.5% (w/w) (Tyagi et al., 1994). This is amount is approximately equal to 5 g/1 of sulfur. 
Other papers say this same amount it the maximum concentration of substrate that can be 
added without inhibition caused by sulfur (Chen et al., 2000). A study looking at the 
economics of using bioleaching on a full scale established that 135g of elemental sulfur will 
be needed per ton of dry sludge and 3 g/1 wet sludge (Ravishankar et al., 1994). The 
optimum concentration of sulfur would be enough so that all the thiobacilli have just enough 
space to attach to the surface of the sulfur. If the surface area of added sulfur exceeds the 
total amount needed by the microbes in the system, addition of extra substrate will have very 
little effect on the bioleaching rate (Tichy et al., 1998). 
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A major problem with bioleaching that must be addressed before sludge is applied to 
land is the existence of reduced sulfur still in the sludge. This elemental sulfur can promote 
microbial acidification of the soil, making the soils polluted (Tichy et al., 1994 ). When using 
powdered elemental sulfur for bioleaching, it is very hard to recover or remove elemental 
sulfur from biosolids; therefore, the sulfur cannot be recovered or reused. In one experiment 
only 40% of the sulfur was oxidized; thus 80 g of sulfur was theoretically lost to farm fields 
per ton of dry sludge if powdered elemental sulfur was used (Ravishankar et al., 1994). For 
this reason, subsequent studies have tested alternatives to powdered sulfur such as pastille 
and spheres made from sulfur. 
When testing the use of sulfur spheres and pastilles, researchers found that there was 
an increased lag phase around a pH of 4 which, increased the time needed for metals 
solubilization. The researche' s hypothesized that T. thioparus dominate and attach to the 
surface from pH 7-4, and around pH 4, T. thiooxidans take over the surface of the sulfur. 
Therefore, the lag phase around pH of 4 is due to the more acidophilic bacteria fighting for 
space on the surface from the less acidophilic bacteria already attached. (Ravishankar et al., 
1994) 
The research concluded that sulfur pellets may decrease the rate of bioleaching but do 
not hinder the metal removal by bioleaching. The benefits of reusing the sulfur pellets in 
both batch and continuous processes seem to out weight the decrease in solubilization rate 
(Ravishankar et al., 1994, Tichy et al., 1994). 
Another factor associated with substrate is the type of substrate used: elemental 
sulfur, biological produced elemental sulfur, or thiosulfate. Research has demonstrated that 
biologically produced sulfur oxidizes significantly faster than sulfur flower, resulting in 
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higher rates of acid production. For example, when using biological sulfur, the pH dropped 
to 1.5 in 65 hours whereas with elemental sulfur, the drop to a pH of 1.5 took 160 hours 
(Tichy et al., 1994). 
The microbially produced sulfur provides seems to produce high oxidation rates 
because of considerably higher specific surface area and higher hydrophilicity of the 
biologically produced particles (Tichy et al., 1998). When Thiobacilli oxidize biological 
sulfur, they disintegrate the sulfur particles which results in a high homogeneity of the 
substrate in the sludge; therefore, the sulfur particles are in almost complete absence when 
using the biologically produced sulfur (Tichy et al., 1994). This disintegration not only help 
in sludge acidification rate but also aids when applying biologically treated sludge to land 
because a lower quantity of biological sulfur in the sludge is less likely to cause the soil to 
become acidic. Biological sulfur can be produce by using certain species of Thiobacilli in a 
partial oxidation of sulfide in oxygen limiting conditions (Tichy et al., 1994). 
One study tried to use thiosulfate as a substrate to facilitate bioleaching and found the 
thiosulfates led to the formation of intermediate compounds (such as trithionate and 
tetrathinate) that accumulated in the sludge,. These intermediates may be hazardous for both 
land and water; therefore, thiosulfate is less desirable as a substrate _than biologically 
produced or standard elemental sulfur (Tyagi et al., 1994b ). 
e. Organic matter 
Sludge high in organic content appears to be inappropriate for the growth of 
Thiobacilli due to the effect of inhibition. It is well documented that Thia bacilli species do 
not tolerate organic matter particularly low molecular weight organic acids, although some 
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strains of Thiobacilli are more resistant to organics than others (Fournier et al., 1998, Gomez 
et al., 1999). Biosolids contain many organic compounds, and many questions have been 
raised about the ability of the bacteria to survive in these habitats. Research on the feasibility 
of bioleaching on municipal waste water treatment biosolids shows that these bacteria can 
survive and flourish in sludges. 
The higher the organic matter in biosolids the higher the buffering capacity will be 
associated with that biosolids and the more acid will need to be produced by the Thiobacilli 
to redu~e the pH (Lombardi et al., 2001 ). The rate of solubilization of metals decreases, as 
total solids and organic matter increase in the biosolids due to the higher buffering capacity 
in the sludge. 
f. Heterotrophic bacteria 
Studies have shown that the process of acidification is most likely due to a 
consortium of acidophilic microbes, but one paper focused on the synergistic interactions of 
between heterotrophic and acidophilic microbes in bioleaching. The heterotrophic bacteria 
that grow in commensal relationships with the Thiobacilli are unable to oxidize sulfur; they 
are assumed to grow on organic carbon excreted by the chemoautrophic Thiobacilli 
(Rawlings et al., 1995). The theory was that heterotrophic microbes actually promote the 
growth and leaching activity of Thiobacilli species. The results of this study indicate the 
active heterotrophic microbes are an important factor in the bioleaching metabolism of the 
sulfur oxidizing microorganisms (Fournier et al., 1998). 
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g. Total solids (TS) 
The total solids concentration is the factor in which there seems to be the most 
discrepancy between papers. Some research discussing TS say it has no effect on 
solubilization while other disagree completely and feel it could be the limiting factor of the 
rate of solubilization; therefore, both views need to be discussed. 
Changes in pH are greatly affected by buffering capacity and higher mineral content 
equals higher acid buffering capacity (Chen et al., 2000). As total solids increase, both the 
organic matter and mineral content of the sludge increase causing the buffering capacity to 
increase and making acidification more difficult. The higher the TS the lower the 
solubilization rate of metals and slower acidification of biosolids; this is due to the cation 
exchange capacity and alkalinity. So by this theory, the greater the total solids, the lower the 
rate of metal solubilization will be. Many studies have shown that acidification rates and 
solubilization of metals decreased with increasing solids content or bacterial leaching had 
higher rates as total solids concentration (Chen et al., 2000, Torres et al., 1995, Tyagi et al., 
1988, Ito et al., 2000, Couillard et al., 1994). 
Other studies indicate that total solids have no effect on metal solubilization. Some 
research looked at solids concentrations up to 10% and found metal solubilization 
efficiencies were not significantly affected by the increase of TS. J. F. Blais was one of the 
first to study bioleaching in sludge, and all of his papers indicate that solids content did not 
influence considerable the efficiency of bioleaching or that population of Thiobacilli where 
independent of solids content (Blais et al., 1992b, Blais et al., 1993a). 
Some papers found that the higher solids concentration, the higher the rate of metal 
solubilization became, but what they failed to look at was while they getting better metal 
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solubilization concentration at high TS, the total percent of metals being solubilized was 
actually decreasing with increasing TS (Sreekrishnan et al., 1996) . 
. h. Sludge type 
Sludge type seems intuitively to be an instrumental factor in bioleaching due to the 
fact that every biosolid has unpredictable and distinctive characteristics. A study based on 
operational strategies of bioleaching found that extent of metals solubilized was primarily 
dependant on sludge type and that pH was single most important factor (Du et al., 1995). 
Another study researched 23 different sludges, from different WWTP; the paper concluded 
that each different sludge type had different metal solubilization efficiencies (Tyagi et al., 
1988, Tyagi et al., 1994b ). Because bioleaching is dependant on a numerous factors and 
optimization varies with each different biosolid, standardizing an universal bioleaching 
procedure is nearly impossible. 
i. Minor factors 
Other minor factors that may have an effect on bioleaching are, mixing, metal 
concentration, anions, and initial acid reduction. 
One paper compared mixing styles for the sludge in bioleaching processes, the 
mixing styles included, pneumatic, orbital and mechanical. The results found that orbital 
stirring best for high TS, but at lower TS, mixing had little effect (Torres et al., 1995). 
Metal concentration has some effect on the solubilization in the bioleaching process. 
Research found that solubilization efficiency of bioleaching decreased with lowering the 
overall concentration of metals (Tichy et al., 1998). So if the concentration of metal in 
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sludge is low, it is going.to.be more difficult to solubilize than the sam©-sludge with a higher 
concentration of that metal. 
Anionic species, such as nitrates are, have been shown to inhibit sulfur oxidation as 
pH values decline in sludge. The major researcher in this area, Maini et al., 2000, states, 
"This toxicity is due to the anions protonation and potential movement into cells, therefore 
destroying the potential across the membrane." The effects of anions can reduce the 
metabolism of Thiobacilli and therefore reduce the rate of metal solubilization (Maini et al., 
2000). Other studies on surfactants inhibition on bioleaching found that anionic surfactants, 
like SDS and E 30, showed strong inhibitory effects on the metabolism of Thiobacilli, unlike 
non-anionic surfactants which had no effect on the bacteria (Seidel et al., 2000). 
D. Results from other studies 
The solubilization of metals by bioleaching depends mostly on the solubility product 
of the metal; normally metals goes into solution in order from highest solubility product to 
lowest, Mn>Cr>Cu>Zn>Ni>Fe>Cd>Pb. Lead has a very low solubility especially when 
using sulfur oxidizing bacteria because it forms PbSO4, when sulfates are present, which is 
highly insoluble. 
Instead of describing the results from previous papers about bioleaching a Table 1 in 
Appendix B, has been compiled so the results can be summarized more efficiently. This table 
is too extensive to fit in the body so a condensed version is located in Table 4. Most of the 
bioleaching studies done have used TS concentrations around 2%. The mean value of all TS 
data collected is 2.03% some papers have used TS up to 7 to 10%, but the biosolids was 
contaminated soil that contained very low organic matter. One study by Lombardi et al., 
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2001 did study anaerobic sewage sludge up to 7%, but the sludge was pre-acidified to a pH 
of 3 by inorganic acids. 
Most studies of bioleaching use acclimated Thiobacilli bacteria species; only a few 
studies used pure strains of the T. ferrooxidans or T. thiooxidans. Some studies in the table 
used acid leaching, ferric sulfate, or citric acid to remove the metals; they where inserted into 
the table as a comparison. 
The initial pH values varied in the biosolids from 6.5 to 8.5. S9me studies added 
inorganic acid to save time, eliminate the less acidophilic bacteria in the bioleaching process 
and lower the pH initially. This addition dramatically reduced the time needed to achieve 
metal solubilization. Final pH values in other research were in the range of 1 - 2. 
Most of the previous research used temperature between 25 - 30 °C, although one 
study, Blais et al. 1993b, used temperatures as low as 7 °C and up to 42 °C. Bioleaching at 7 
°C took three times as long as at 28 °C and 3 5 °C. 
Table 4. Summarized results from other research. 
Biosolid Total Type of 
Source Tvoe Solids bacteria 
Anderson, et al. 
(1998) CS** 3.50% FP* 
Aralp et. al (2001) AS+L** 0.60% TA* 
AS+L 0.80% TA 
AS+L 0.60% TA 
Blais et al. (1992) AeS** 1.70% TA 
AeS 0.68% TA 
Blais et al. (1993) AS** 1.40% TA 
AeS 2.30% TA 
AeS 3.20% TA 
AS 0.71% TA 
AND** 1.30% TA 
Blais et al. (1993) AeS 2.28% FA* 
AeS 2.28% FA 
AeS 2.28% FA 
AeS 2.28% FA 
Initial Final 
pH pH 
4.50 2.00 
5.78 2.92 
4.84 2.12 
5.52 3.30 
6.60 2.00 
6.60 2.70 
6.04 2.05 
6.95 1.59 
6.72 2.21 
6.92 1.55 
6.60 2.10 
4.00 2.50 
4.00 2.50 
4.00 2.50 
4.00 2.50 
Percent 
Cu 
Solubilized 
64 
80 
15 
92 
67 
58 
92 
90 
69 
89 
81 
68 
71 
73 
75 
Percent 
Zn 
Solubilized 
98 
88 
97 
92 
88 
97 
80 
80 
80 
80 
Table 4 Cont. 
s ource 
Blais et al. (1992) 
Ito et al. (2000) 
Chen et al. (2000) 
Blais et al. (1993) 
Lombardi et al. 
(2001) 
Biosolid 
T ype 
AeS 
AeS 
AeS 
AeS 
AeS 
AeS 
AeS 
AeS 
PS** 
PS 
PS 
AeS 
AeS 
AeS 
AND 
AND 
AND 
cs 
cs 
cs 
cs 
cs 
cs 
AS 
AeS 
AS 
AeS 
AS 
AeS 
AS 
AeS 
AS 
AeS 
AS 
AeS 
OPS** 
AS 
AND 
AND 
PS 
AS 
AND 
AND 
AND 
AS 
AeS 
AND 
AND 
AND 
AND 
Total 
s rct 0 I S 
2.28% 
2.28% 
2.28% 
2.28% 
2.28% 
2.28% 
2.28% 
2.28% 
1.10% 
1.10% 
1.10% 
2.20% 
2.20% 
2.20% 
2.04% 
2.04% 
2.04% 
2.00% 
1.00% 
2.00% 
4.00% 
7.00% 
10.00% 
1.40% 
0.40% 
0.50% 
2.30% 
0.50% 
1.00% 
1.50% 
3.00% 
1.40% 
3.20% 
0.10% 
3.10% 
0.60% 
0.70% 
2.40% 
2.80% 
2.60% 
0.20% 
1.40% 
1.60% 
1.30% 
1.90% 
2.90% 
0.70% 
3.50% 
7.00% 
0.70% 
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Type of 
b t . ac ena 
FA 
FA 
TA 
TA 
TA 
TA 
TA 
TA 
AL* 
TA 
FA 
AL 
TA 
FA 
AL 
TA 
FA 
FS* 
TP* 
TP 
TP 
TP 
TP 
TA 
TA 
TA 
TA 
TA 
TA 
TA 
TA 
TA 
TA 
TA 
TA 
TA 
TA 
TA 
TA 
TA 
TA 
TA 
TA 
TA 
TA 
TA 
TP 
TP 
TP 
FP 
Initial 
H p 
4.00 
4.00 
6.90 
6.90 
6.90 
6.90 
6.90 
6.90 
6.69 
6.69 
6.69 
7.10 
7.10 
7.10 
7.60 
7.60 
7.60 
7.50 
8.00 
8.00 
8.00 
8.00 
8.00 
7.61 
7.71 
6.60 
6.23 
7.00 
7.03 
7.39 
7.30 
6.50 
7.68 
6.96 
7.50 
6.86 
6.87 
6.60 
6.89 
6.69 
6.82 
6.09 
7.71 
7.23 
6.08 
7.38 
3.00 
3.00 
3.00 
3.00 
Final 
H p 
2.50 
2.50 
2.00 
2.00 
2.00 
2.00 
2.00 
2.00 
1.47 
1.77 
2.74 
1.50 
2.04 
3.03 
1.51 
2.00 
3.14 
2.50 
2.00 
2.00 
2.00 
2.00 
2.00 
2.02 
2.20 
1.71 
1.73 
1.34 
1.25 
1.98 
2.31 
2.19 
2.86 
2.32 
1.86 
1.30 
1.60 
2.10 
1.97 
1.74 
1.90 
1.75 
1.97 
1.97 
1.38 
2.24 
0.20 
0.20 
0.20 
1.70 
Percent 
Cu 
SI bT d o u 1 1ze 
75 
76 
75 
77 
87 
75 
83 
0 
45 
80 
65 
40 
70 
55 
42 
67 
55 
81 
99 
90 
88 
90 
91 
90 
85 
95 
93 
95 
96 
72 
41 
80 
39 
47 
71 
96 
94 
43 
45 
60 
86 
87 
85 
85 
87 
70 
86 
86 
114 
45 
Percent 
Zn 
SI bT d o u 11ze 
82 
80 
94 
91 
90 
84 
88 
0 
67 
87 
80 
63 
85 
80 
65 
83 
90 
89 
99 
99 
98 
97 
96 
87 
77 
97 
93 
99 
97 
88 
76 
76 
70 
65 
98 
96 
80 
78 
76 
76 
84 
82 
87 
97 
98 
78 
91 
120 
142 
90 
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Table 4 Cont. 
Biosolid Type of 
Source Type 
Total 
S 'd ohs bacteria 
AND 3.50% 
AND 7.00% 
Tyagi et al. 
(19 88) AND 0.50% 
AND 1.50% 
AND 2.10% 
AND 3.50% 
AND 4.50% 
Vecken et al. 
( 1999) AS 0.50% 
**CS Contaminated Sediment 
** AS Activated sludge 
* * AeS Aerobically Digested Sludge 
**AND Anaerobically Digested Sludge 
**OPS Oxidation Pond Sludge 
**PS Primary Sludge 
FP 
FP 
TFA* 
TFA 
TFA 
TFA 
TFA 
CA* 
** AS+L Activated Sludge with Leachate 
Initial 
H p 
3.00 
3.00 
4.00 
4.00 
4.00 
4.00 
4.00 
4.00 
Final 
H p 
2.40 
2.90 
2.00 
2.00 
2.00 
2.00 
2.00 
4.00 
Percent 
Cu 
SI bT d o u 11ze 
53 
114 
47 
69 
48 I 
55 
46 
60 
Percent 
n o u 11ze Z S I bT d 
114 
120 
93 
88 
74 
67 
60 
98 
*FP ferrooxidans Pure Culture 
*TP thioooxidans Pure Culture 
*FA ferrooxidans Acclimated 
*TA thioooxidans Acclimated 
*TF A thioooxidans and 
ferrooxidans Acclimated 
* AL Acid Leaching 
*CA Citric Acid Leaching 
*FS Ferric Sulfate 
Table 4 looks only at the solubilities of zinc and copper because they correlated to the 
study in this paper. The major inference that can be drawn from the solubilities from other 
studies is that Cu may have a lower solubility product, but Zn consistently has higher 
solubilization percentages. Another observation of that data is that T. thiooxidans appear to 
have higher solubility percentages than T.ferrooxidians, of both Zn and Cu. The mean for 
Cu and Zn are 72 and 87 percent. Another important fact to note is the dramatically lower 
solubility of both z1nc and copper \,Vhen using acid leaching. 
a. Pathogens 
One study by Blais et al. , 1992a looked specifically at the reduction in indicator 
organisms when using T thiooxidians and T ferrooxidans. At the extreme oxidizing 
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environment created by bioleaching, most bacteria are eliminated; therefore, the study 
wanted to see just how many indicators organisms where destroyed. Coliforms 
concentration in agricultural soils are normally < 103 cfu/100ml; biosolids after digestion and 
before bioleaching are in the range of 10 7 to 108 bacteria/100ml. After bioleaching, the 
number of coliforms was approximately equal to that of soil < 103 cfu/100ml. Therefore the 
study achieved a three log reduction or under the detection limit of 103 cfu/100ml. Another 
problem found by the _study was that although bioleaching can. reduce indicator organisms, it 
is unable to destroy yeast, fungi, or ascaris eggs (Blais et al., 1992a). 
Another study found that indicator bacteria destruction is strongly inhibited by high 
concentrations of suspended solids; approximately 1 % is the limit determined in the study 
(Blais et al., 1993a). This concentration appears to be low TS for anaerobic sludge from 
swine facilities. 
Anaerobic sludges from a properly run digester should always meet the requirement · 
for a Class B biosolids. Class B biosolids means that the pathogen and vector attraction are 
reduced to a level where it is acceptable to apply the sludge to: agricultural, non-agricultural, 
public contact site, or disturbed land. If further reduction of pathogens in the sludge occurs 
the sludge can be classified as Class A biosolids; this classification allows the sludge to be 
applied to lawns and gardens or can be bagged and sold. To meet Class A biosolids the 
sludge must have less that 1,000 MPN fecal coliforms and E. coli per gram total solids or 
Salmonella less that 3 MPN per 4 grams of total solids according to 40 CPR Part 503 
biosolids standards. 
Bioleaching may have the potential to reduce pathogens to a level to meet Class A 
requirements. Other research has shown up to a 98% reduction in fecal coliforms that should 
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meet the standards set in file 40 CFR part 503. If bioleaching can achieve Class A biosolids 
it would tum a contaminated wastestream into a profitable commodity. 
b. Volatile suspended solids (VSS) 
Research has shown that VSS reduction is achieved by the bioleaching process, the 
degrading of VSS has been shown to be dependent on both the pH and the sludge used. By 
decreasing the VSS, bioleaching helps to further improve the stabilization the digested 
sludge (Blais et al., 1992a). Consumption of this organic matter or VSS is assumed to be 
dependant on the activity of heterotrophic bacteria in sludge samples although the highly 
oxidizing environment produced by bioleaching extend the digestion of organic matter in the 
biosolids. (Tyagi et al., 1994b, Shanableh et al., 1999). A study by Aralp et al., 2001 of 
activated sludge and leachate showed an average of 24% VSS reduction after bioleaching. 
Blais et al., 1992a looked at VSS reduction for both activated sludge, and the activated 
sludge showed 22% reduction while the aerobically digested sludge had a 73% reduction. 
c. Costs 
The costs of bioleaching have been thoroughly studied by some researches; a 
majority of papers published about costs ofbioleaching aim to prove that microbial leaching 
is more economical than acid leaching. The results of these papers are quite similar; the high 
cost of acid and high operating costs have limited the practical application of acid leaching 
on large scale plant. (Gomez et al., 1999). Studies that directly compared acid vs. microbial 
leaching found the amount of acid required for microbial leaching was much lower than for 
chemical leaching (Sreekishman et al., 1996). Blais et al., 1993c found that in terms of 
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chemicals microbial is 80% cheaper than chemical acid leaching and estimated that 
bioleaching would cost approximately $8.50 / ton of dry sludge (Blais et al., 1993c). 
A paper by Sreekishman et al., 1996 takes into account cost of equipment, raw 
materials, chemicals, utilities, maintenance and personell. This paper developed an 
algorithm to develop the complete costs of metals leaching out of biosolids, on a plant scale, 
using microbial and acid leaching. Aeration rate was found to play a significant role in the 
cost of metal leaching by microorganisms along with TS. TS concentrations below 2% 
increased the treatment cost per ton of dry sludge of both acid and microbial leaching · 
considerc!,bly. (Sreekishman et al., 1996). This dramatic increase in cost at low TS along 
with a comparison of costs with acid, sulfur oxidizing and iron oxidizing bioleaching can be 
observed in Figures 5a and 5b. From this graph it can be determined that sulfur oxidation 
was more attractive at low WWTP plant capacities and high solids concentrations, while acid 
leaching appears to be more attractive at high WWTP plant capacities with low solids. As 
noted before, swine facilities act more like WWTP with high solids and low production; 
therefore, sulfur oxidizing microbial leaching is most cost effective according to this study 
(Sreekishman et al., 1996) 
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Cost of metal leaching from a sludge with solids concentration of: (a) 20 g litre- 1 and (b) 40 g litre:- 1, using the three 
processes. (+)Acid addition, (L::.) iron oxidation, (o) sulphur oxidation. • 
Figures 5. Costs of metal leaching at varying plant capacities, solids concentrations and 
leaching methods (Sreekrishnan et al., 1996) 
d. Nutrient content 
Some studies looked at the effect that the bioleaching process has on the nutrient 
values of biosolids. The results show that bioleaching may significantly reduce the nutrient 
value of the biosolid. Phosphorus adsorption onto soil particles increases as pH is decreased; 
the increased adsorption of phosphorus at low pH reduces its mobility and availability for 
plant usage. The decrease in TKN may be attributed to a number of factors such as chemical 
digestion, shifting microbial populations, or biological degradation. 
39 
One study showed that bioleaching of biosolids from a biological nutrient removal 
· ···-···•·····facility dissolved 76% ofthe-total-ph0sphorus.and 38% of the TKN-~Shanableh et al., 1.999) . .. 
One problem with this paper was they tested the nutrients at pH levels after bioleaching; 
before land application the solids should be separated and then the pH will be raised, 
normally by lime addition. By raising the pH the mobility of nutrient and their availability 
for plant utilization should increase close the values of nutrients before bioleaching. 
e. Toxicity 
The goal of a study by Renoux et al., 2001 was to verify that bioleaching not only 
removes metals from sludge but that it also reduces the toxicity of the biosolids. Toxic 
effects depend not only on metal concentration but also on bioavailability of the metals. 
Metals are normally taken up by plants when metals are in their soluble forms. Therefore, 
bioleaching has the potential to increase the bioavailability of metals. Renoux et al., 2001 
used a bioassay of barley sprouts to study organisms living in soil after land application of 
sludge and contamination of ground water due to run-off and leaching of contaminates. 
Measurements of metal bioaccumulation in barley sprouts indicated that a reduction 
in toxicity did exist and the reduced toxicity was the result of a reduction in Cu and Zn 
bioavailability after bioleaching. Bioleaching of sewage sludge was successful in reducing 
toxicity, by reducing metal content and bioavailability (Renoux et al., 2001). 
f. Applications of bioleaching 
Currently, bioleaching is used to recover metals or enrich metals from ores with 
lower metal concentrations and can potentially be used on copper ores, uranium ores, and 
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gold-bearing arsenopyrite ores. Another potential use of bioleaching is desulphuriszation of 
coal, because when coal with high concentrations of sulfur is used as fuel, they release large 
amounts of sulfur dioxide (Rawlings et al., 1995, Blais et al., 1993c, Tichy et al., 1994). 
g. Large scale and operational bioleaching studies 
Some studies have looked at the operation of bioleaching on a full scale. When 
applying bioleaching in a practical setting, the problem of over-leaching of metals is possible 
- removing more metals than necessary and solubilizing organic matter and nutrients, N and 
P, out of the biosolids (Du et al., 1995). Considerations of substrates on larger scales are 
important to minimization of sulfur concentrations and avoid excessive ·acidification of soils. 
This is one reason to use and reuse sulfur pellets (Blais et al., 1992a). 
Other studies looked at indicators such as pH and ORP to determine the metal 
solubility and reduce the number of time-consuming metal tests. The study found that 
copper will be the limiting factor which will permit the control of the process with simple 
linear regression in a wastewater treatment plant. Copper may have a higher solubility 
product than most metals but it has consistently lower removal solubilization in bioleaching 
processes (Couillard et al. , 1994). Neural networks have also been studied to predict metal 
solubilization in situations similar to those encountered in the training set of observations. 
Neural networks can be used to predict solubilization rates and percentages for different 
hydraulic retention times. The training set of observations should be results from a large 
number of plants in order to obtain a more diverse network thus, increasing the versatility of 
the neural networks (Laberge et al., 2000, Du et al., 1995). 
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CHAPTER III. MATERIALS AND METHODS 
A. Introduction 
Total solids (TS), volatile solids (VS), ammonia, metals concentrations, nitrates, 
sulfates, pH and ORP were some of the factors measured in this study. This section will 
discuss testing and sample preparation along with the experimental step up for bioleaching of 
anaerobically digested swine manure. 
B. Experimental Setup 
The bioleaching experiments were performed in batch setups with 250ml Erlenmeyer 
flasks serving as the batch bottles. The bottles where placed on a New Brunswick Scientific 
platform shaker model type lnhova 2300. The platform shaker was rotated at 200 rpm to 
eliminate settling and allow for continuous mixing. Air dispersion tubes were inserted into 
the flasks and held in place by rubber stoppers; airflow into each bottle was 0.2 1/min, needle 
valves were inserted between the regulator and the air dispersion tube. The regulators, 
needle valves and air dispersion tubes where connected by 1/8 inch Masterflex tubing. 
For the first experiments only five bottles were used simultaneously due to the small 
size of the first shaker table. To save time in the final· two experiments, a larger shaker table 
was used so that were ten bottles could be run simultaneously. The elemental sulfur used in 
these experiments was Fisher brand, laboratory grade, sublimed sulfur powder. The 
temperature of flasks was assumed to be the ambient temperature in the lab the experiments 
where performed, 23 ± 2 °C. 
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C. Biosolids 
Two biosolid samples were obtained for this study from swine facilities in the state of 
Iowa. The first sample was obtained from, Swine USA, a swine facility in southern Iowa. 
The facility is a gestation and farrowing operation that houses over 5000 swine. The raw 
swine manure is pumped to a 754,000 gallon tank that is 16 ft deep. The tank is heated, 
complete mixed, and covered with a rubber membrane to prevent oxygen infiltration into the 
tank. The anaerobic digester at the Swine USA facility has been operating since July, 1999. 
The sample was obtained during the wasting stage of the digestion, when the digester was 
mixing so that the sample would be a homogenous sample of the sludge in the reactor. The 
mixed liquors of the sludge coming out of this anaerobic digester were around 1 % TS. 
The other sludge sample was obtained from a 2,800-head, swine finishing facility at a 
farm near Nevada, Iowa. The farm installed an anaerobic sequencing batch reactor (ASBR) 
on the site in 1998. During the summer of 2000 the 150,000 gallon concrete tank became 
cracked and needed to be reinforced. During the time the reactor was being repaired it was 
not being used. To take the sample a section of the rubber membrane was removed to 
exposed the sludge. A sample was retrieved using a bucket and long PVC tubing to agitate 
the sludge to get a homogenous sample. The sample taken from Nevada was around 6% 
solids. Visually it had more hair and undigested feed in the sludge than the Swine USA 
sludge. 
To achieve the desired higher TS concentration, the sludges were centrifuged at 
40,000 rpm for approximately ½ and hour. The solids and liquid fractions where separated, 
and then the solid fraction was added back to a smaller volume of the original sludge to 
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increase the TS. When concentrating the sludge by centrifuging, the solids formed chunks. 
To make the sludge a homogenous liquid after centrifuging, the sludge was blended in an 
electric blender for approximately one minute on a low setting. If the TS were increased 
beyond the desired concentration the sludge was diluted with nanopure. Both sludge samples 
were kept refrigerated at 4 °C to prevent degradation. The initial characteristics of both 
biosolids are located in Table. 5. 
Table 5. Initial sludge characteristics for swine USA and nevada samples. 
Parameters Swine USA Crawford farm 
Ammonia 3100 mg/1 3600 mg/1 
Alkalinity 9200 mg/1 as CaCO3 9100 mg/1 as CaCO3 
pH 8.2 7.5 
COD 17008 ± 3910 mg/1 44315 ± 5145 mg/1 
Soluble COD 1966 ± 249 mg/1 5707 ± 1086 mg/1 
Zinc 3448 ± 735 mg/kg dry wt. 2191 ± 555 mg/kg dry wt. 
Copper 1206 ± 295 mg/kg dry wt. 1178 ± 292 mg/kg dry wt. 
TS 28,000 mg/1 57,000 mg/1 
D. Acclimation 
To obtain mixed culture inocula of Thiobacilli, the following procedure was 
developed by Blais et al., 1992 a, b. Acclimation or optimization of Thiobacilli species was 
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achieved by adding elemental sulfur approximately 1 % w/v to a quantity of biosolids, 
continuously aerated and mixed. This slurry is allowed to mix until the pH drops to below 2. 
The indigenous sulfur oxidizing bacteria normally take between 15 to 30 days to drop the pH 
to that level. In the next step five percent (v/v) of this low pH biosolids is transferred to new 
high pH biosolids along with element sulfur. This slurry is then allowed time for the pH to 
decrease. This process is repeated successively until the time to reach a pH of 2 is minimized 
on two consecutive transfers; this can be as short as 5 days. 
This process may require many transfers depending on the sludge, but once rate of pH 
reduction is maximized, a good quality mixed culture of Thiobacilli is assumed to be 
established (Blais et al., 1992a,b). Acclimation of the sample from Swine USA took 
approximately 8 consecutive transfers to maximize the pH reduction. 
E. Tests and procedures 
a. pH/ORP 
Readings for pH and ORP were taken daily. These measurement where taken using a 
ThermoOrion meter and probes; the meter was model 250A plus. This model had a built-in 
thermometer that automatically factors in the temperature when calculating pH. The probe 
was standardized daily using pH standards of 4, 7, and 1 O; the ORP was also calibrated daily 
using ORP standard solution. The probes where inserted directly into the flasks and allowed 
to come to equilibrium before readings were taken. The probes were also rinsed thoroughly 
with nanopure water before being inserted in the next flask. 
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b. TS/VS 
To obtain the correct TS for the experiments, TS information was needed for both the 
initial sludge and the acclimated inoculum; a set amount of inoculum was placed in each 
flask, 10% v/v. The TS of the sludge then needed to be adjusted, either by centrifuging or 
dilution, so when it was placed into the flask it equaled the correct TS required for the test. 
The first experimental runs used 3% solids; the final two runs used higher concentrations of 
6% and 9%. These solids tests were performed in triplicate. The TS and VS tests performed 
as recommended by Standard Methods for the Examination of Water and Wastewater, 1998 
edition, methods 2540B and 2540E (APHA et al. , 1998). 
c. Ammonia 
Concentrations of ammonia were measured using a Coming Incorporated pH/Ion 
Analyzer, Model 350 and an Orion ammonia electrode probe, Model 95-12. The 
concentrations were measured in accordance to method 4500-NH3 D of Standard Methods 
for the Examination of Water and Wastewater (APHA et al., 1998). The probe was 
calibrated before each using four standard solutions: 0.1, 1.0, 10, and 100 mgNH3-N/L. 
From the calibration standards, a standard curve was developed for use in the analysis. 
Initial sludge samples were diluted 100 times before being tested for ammonia. 
d. Metals 
Samples for total metals were taken on regular intervals. Both the solids and liquid 
fractions were used when testing for total metals in the sludge. When testing for the percent 
of metals solubilized, only the liquid fraction was tested. To obtain just the liquid portion, 
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the shaker table was turned off and the bottles where allowed to settle for an hour before the 
7 ml of supernatant was removed. The supernatant sample was then centrifuged at 10,000 
rpm for 30 minutes and then filtered through a 1 µfilter to remove the non soluble fraction of 
metals. A majority of the papers reviewed centrifuged the sludge to remove the soluble 
portion of the sludge; a few papers filtered through a 1 µfilter and one paper used a .45 µ 
filter. This research assumes like most of the other research that all the soluble metal is 
removed by the 1 µfilter. After the samples where centrifuged and filtered the samples were 
ready to be tested for sulfates and nitrates. However, further steps needed to be performed 
before metals concentrations could be analyzed. The solids from the centrifuge vials were 
mixed back with 7 ml of nanopure and reinserted into the bottle the sample was removed 
from. If the slurry level dropped below the 200 ml, due to evapotranspiration, nanopure 
water was added to bring the level back up. 
Metal concentrations were analyzed by the Thermo Jarrel Ash ICP (Plasma 
Emission Spectroscopy), IRIS Advantage dual view model. The samples run on the ICP 
followed standard methods, method 3500-Cu C and 3500-Zn C (APHA et al., 1998). Before 
the samples were analyzed by the ICP they needed to be digested. Digestion was completed 
using CEM microwave digestion microwave, model MDS 2100. The microwave digestion 
was performed according to Standard Methods 1998, method 305 lA, microwave assisted 
acid digestion of sediments, sludges, soils and oils. Digestion of 5 ml of supernatant and 3 
ml of total sludge with 10 ml of trace metals grade nitric acid was typical. The quantity of 
total sludge used was less than the supernatant because large amounts of volatile organics 
causes pressure problems for the microwave digestion system. After the sample had been 
digested, they were diluted to 100 ml and then analyzed by the ICP. 
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e. Sulfates 
Sulfate were analyzed on a Dionex ion chromatographer (IC), with ANION-ICE 
membrane suppressor, CD 20 conductivity detector, GP 40 gradient pump, AS40 auto 
sampler, and an AN 300 column. The protocol for operation of the IC was obtain from the 
Operators Guide, published by Dionex in 1996; the document number is 032661. Both 
sulfate and nitrate were tested simultaneously. A solution of 40 mg/1 SO4 was used as 
standard. Check standards of various concentrations were also used. The optimum range for 
testing anions in the IC is between 1 and 100 ppm. The concentrations of sulfate in the 
supernatant were up to 20,000 ppm, therefore the samples needed to be diluted. The samples 
were diluted 200 times; 0.5 ml samples were diluted to 100 ml using nanopure water. 
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CHAPTER IV.RESULTS 
A. Experiments 
The experiments were set up to analyze the effects of substrate concentration, total 
solids, and effect of inocula. After the Swine USA inocula were acclimated, the initial 
experiment could be started. Three phases of experiments were completed for substrate and 
TS testing. The first phase being an array of bottles at 3 % TS and varying the substrate 
concentration from 0, 2.5, 5, 7, and 10 g/1. These flasks where carried out in duplicate. After 
analyzing the results from the first phase of the experiment, the differences in the intervals of 
substrate concentrations were minimal. Therefore greater increments could be used in the 
next two phases using 6% and 9% solids. In an effort to be more time efficient only three 
substrates concentrations were tested, (0, 5, and 10 g/1 all in duplicate), in the final phases. 
All experiments were performed with standards or control samples. Controls depended on 
the factors being tested. 
Other experiments were performed to try to estimate the influence of inocula on the 
bioleaching process. During the acclimation of Thiobacilli inoculum from the Swine USA 
samples, pH was monitored to determine any trends in the rate of acid production. One 
experiment was performed during the acclimation process to determine the effect of solids 
concentration on the pH levels in the acclimating sludge. A direct comparison test was also 
completed testiµg effects of inoculation vs. non inoculation. 
Another experiment was devised to determine if type of inoculum was an important 
factor. Samples from Swine USA and Nevada were used in an experiment to determine 
effect of inocula on varying biosolids. 
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B. Inoculation experiments 
The first results that will be reviewed are theexperiments about the acclimation 
process and effects of inoculation. Initially, without addition of acclimated sludge and just 
the addition of sulfur, it took a 3% TS sludge approximately 30 days to drop to a pH level of 
2. After the third transfer of the acclimation process where 5% (v/v) of acclimated inoculum 
was added to 3% TS Swine USA biosolids with sulfur; the rate of pH reduction was reduced 
by 10 days. For the fourth transfer, pH values were monitored for six different TS 
concentrations instead of just using one bottle at TS of 3 %. This initial experiment was to 
determine how much of an affect the solids would play in the rate of pH reduction, and to 
help determine objectives for running later bioleaching experiments. This experiment was 
conducted on USA Swine sludge at varying TS concentration 1 - 6 %, 5,000 mg/1 of 
elemental sulfur, and all but the control bottle received 5% (v/v) inoculum. In the control 
bottle, no inoculum was added; only 5% (v/v) of sulfur was added to the 3% TS USA Swine 
sludge. The pH reduction results are located in Figure 6. 
Many interesting observations were concluded from the graph of this initial study. 
The first predominate feature in this graph is the leveling off at a pH of 6. It appears that the 
higher the solids concentration, the longer this leveling off effect continues. For example 2% 
solids was only delayed 3 days while 6% solids leveled off for 9 days. This lag phase is 
conceived to be caused by bi-carbonic buffering capacity of the sludge. Anaerobic swine 
manure is high in ammonia, typically around 3,200 mg/1. The alkalinity is high compared to 
other sludges, on the order of 11,000 mg/1 CaCO3, because of the ammonium bicarbonate. 
Sludges with high ammonia concentration have high alkalinities due to the ammonia. At a 
pH of 6.3, bicarbonate is converted to carbonic acid, this requires a large quantity of acid, 
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which must be produced by the microorganisms to lower the pH. Therefore, the lag phase at 
pH values around 6 are thought to be caused by the increasing buffering capacity associated 
with alkalinity at higher solids. 
The second interesting note taken from this graph was the difference in initial pH 
values. This is assumed to be due to the effect of the low pH inocula on sludge samples. The 
graph supports these assumptions, because the low TS levels have lower initial pH values 
than the high TS levels after inoculation. Still the most important information in this graph 
is the curve of the control bottle with 3% TS and no inoculum. The pH in this control bottle 
decreased at approximately the same rate and finished the bioleaching experiment at a lower 
pH level than the inoculated 3% TS bottle. This data shows that inoculation with inoculum 
from only 3 acclimation transfers does not produce an inoculum that is anymore effective at 
increasing the rate of acidification than sludges with no inoculum added. These results 
caused concern over the rationale for using inoculation in the bioleaching processes and 
called for a further investigation into the effectiveness of inoculation in bioleaching. 
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After the first experiment one more acclimation transfer was completed, the fifth. 
For the sixth transfer, another experiment was devised to test both the effect of inoculation 
and the effect of substrate on the bioleaching process. The experimental conditions for the 
experiments performed· on the USA Swine sludge are located in Table 6 and the effects of 
the,conditions on pH are found in Figure 7. 
Table 6. Experimental setup for sixth transfer of inoculum at varying solids concentrations 
on USA Swine sludge. 
Total Solids (Percent) Inoculation Substrate, S0 (mg/1) 
(Percent v/v) 
0 0 0 
2 0 5000 
4 0 5000 
6 0 5000 
2 15 5000 
4 15 5000 
6 15 5000 
The results for this experiment revealed some interesting effects of acclimation, 
inoculation, and substrate. The acclimation of inoculation had two more transfers to become 
more adapted to the biosolids; therefore, the pH reduction should be faster. This assumption 
was confirmed: both the 2% and 4% TS bottles reached a pH _value of 2, 3 days faster than 
the fourth transfer and the 6% solids took 22 days to reach a pH values of two, two days 
faster. When comparing the inoculated sample to the uninoculated samples there are a 
couple of major differences on the pH effects. The uninoculated samples acted like the 
samples in the fourth transfer with long lag phases around a pH of 6, while the inoculated 
samples had very little if any lag phase, resembling exponential curves. Another difference 
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in the two graphs alluded to in the first experiment is the difference in initial pH values for 
the uninoculated and inoculated: the uninoculated start at a pH of approximately 8 while the 
inoculated start at around 6.5. The change in initial pH can be associated to the low pH of 
the inocula approximately 1.5 to 2. This graph suggests that inoculation in the bioleaching 
process does play some role in the pH reduction rate. The role of inoculation on 
acidification rate has yet to be studied. The increased rate of acidification could be due to 
the concentration of acid in the inoculum, which means that the microorganisms need to 
produce less acid and therefore have higher acidification rates or, it could be that the number 
of sulfur oxidizing bacteria added to the sludge by inoculation enable sulfur to be oxidize 
more rapidly and therefore increase acid production. The data from this research is very 
similar to Blais et al., 1993b, where the lag phase around pH of 6 decreased with increasing 
acclimation transfers. A graph of Blais et al. 1993b acclimation results for sulfur oxidizing 
bacteria is in Figure 2. Based on Blais et al. 1993b results as well as the current 
experiments, it appears that inoculation increases the rate of acid production and therefore 
inoculation of bioleaching experiments will be continued throughout this study, to increase 
the efficiency. 
The other feature of this graph is the effect of no added substrate, in the control 
bottle. The assumption was that the pH in this bottle was going to remain constant. The pH 
did remain constant for about five days; then it started to decrease gradually. This_pH 
reduction is assumed to be due to acid produced when ammonia is oxidized to nitrate in the 
process of nitrification. 
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The final inoculation experiment was performed using an inoculum acclimated using 
Swine USA sample on the Nevada biosolids. This was done to test the effectiveness of using 
an inoculum not adapted to the sludge and look at the effect of varying substrate 
concentrations. The experimental setup for this trial is in Table 7 and the pH and ORP 
results are located in Figure 8. 
Table 7. Experimental setup for Nevada sludge at varying substrate- concentrations. 
Total Solids (Percent) Inoculation Substrate, S0 (mg/1) 
(Percent v/v) 
3 15 0 
3 15 2,500 
3 15 5,000 
3 15 7,500 
3 15 10,000 
The ORP and pH results in Figure 8 are typical for all bioleaching experiment: as the 
pH decreases ORP increases, the rate of change for pH and ORP appear to be almost 
correlated but in the opposite direction. To make the Figure 8 easier to read, only 0, 5000 
and 10000 mg/1 substrates where reported in the graph. The results show that the Nevada 
sample has a sharp rise in pH initially; the cause of this pH increase is unknown. The ORP 
shows an increasing trend and does not appear to be greatly affected by the sulfur substrate 
concentration. The only effect occurs at around 300 m V: bottles with no substrate level off 
while the other two bottles continue to rise. Substrate concentration appears to have a much 
greater influence on the pH values. The bottles with no substrate added barely decrease; this 
decrease could be caused by the oxidation of reduced sulfur compounds or nitrification. The 
5,000 and 10,000 mg/1 bottles pH decreased consistently until day 14 when both pH values 
leveled off at just under 3. This appears to be the main difference between the 
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bioleaching experiments with Nevada biosolids and Swine USA biosolids, which lowered to 
a pH of 1.5 before leveling off. 
The results show the rates of acidification for this experiment are much less than the 
previous experiments using Swine USA samples. The final pH levels of the previous 
experiments are less than the final pH levels using an inoculum from Swine USA on another 
biosolids sample from Nevada swine facility. The data demonstrates that inoculation of 
sludge by and an inoculum acclimated for another sludge is not as efficient in acidification as 
it was in the sludge it was initial acclimated for. Further testing would be needed to prove 
this hypothesis. 
C. Substrates and solids experiments 
The main experiment tested the effects of TS and substrate concentration on the 
bioleaching of the Swine USA biosolids. Previous research and studies over bioleaching 
looked at low solids concentrations, a maximum of 3% TS for anaerobic sludges and the 
average TS for past studies is approximately 2% or less. If someone is going to apply this 
technology in a full scale facility, this research would be inadequate due to fact that sludges 
exiting anaerobic digesters treating swine manure can reach TS greater than 6%. Therefore, 
this experiment was designed to test the effects of high total solids greater that 6%, which is 
similar to the solids content of effluent from anaerobic digesters treating swine manure. 
These experiments also tested the effects of substrate concentration on the efficiency 
of acidification of the sludge. Past studies disagree on the amount substrate that needs to be 
added to optimize the bioleaching process. Some papers said the optimal amount of substrate 
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to add was 3g/l while others found that Sg/l of sulfur caused inhibition of Thiobacilli (Chen 
et al., 2000). The sulfur substrate studies were all completed at low solids concentrations. 
No previous studies researched the requirements of substrates at high TS concentrations. 
Therefore this experiment examines the effects of high TS but also the requirements of 
substates at these concentrations . 
These experiments used USA Swine biosolids and kept a constant inoculation 
percent, 10% (v/v). Total so lids and substrate concentration were varied in this experiment, 
the TS and substrates of each bottle are located in Table 8. Results of copper and zinc 
solubilization, pH, solids, substrates over the course of the experiments are plotted in Figure 
9. Sulfate concentration results for substrate concentrations of 5,000 mg/1 and 10,000 mg/1 
are located in Figures 10 and 11. 
Table 8. Experimental setup for Swine USA biosolids at 3%, 6% and 9% TS varying 
substate concentrations, inoculation of 10% (v/v). 
Total Solids (Percent) Substrate, S0 (mg/1) 
3 0 
3 5,000 
3 10,000 
6 0 
6 5,000 
'. 6 10,000 
9 0 
9 5,000 
9 10,000 
The combined results in Figure 9 are very useful in drawing conclusions about the 
effect of high solids and varying substrate concentration on bioleaching. In general, the 
results show the rates of microbial acidification increase with decreasing solids 
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concentrations. Both samples with 3% TS and added substrate decrease to pH of 2 within 12 
days; at 6% TS and 10,000 mg/1 substrate, the pH decreased to 2.5 in 20 days, the pH did not 
decrease below 4.5 for any substrate concentration on the 9% TS samples. These figures 
show that at TS of 3% both substrate concentrations were able to lower the pH to 2; at TS of 
6% only the 10,000 mg/1 bottles were able to drop the pH significantly. It can be theorized 
that as increasing the TS concentrations requires that the amount of substrate also be 
increased to achieve desired levels of microbial acidification. 
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The solubility of Cu and Zn correspond almost directly to the pH levels in the 
reactors. Only the bottles with conditions capable of decreasing the pH levels to 2 or below 
were capable of solubilizing any significant portion of the metals as is shown in the pH vs. 
solubility graphs in Appendix A. From these figures we can also conclude what previously 
studies found: Zn is more easily solubilized than Cu. In the reactor with 3% TS and 5,000 
mg/1 substrate, the pH dropped to approximately 2.5. At this level, 71 % of Zn had been 
solubilized while only 18% of Cu was in solution. In the reactors with 10,000 mg/1 sulfur 
added the 3% TS reactor achieved 97% solubilization of Zn and 58% solubilization of Cu; 
while the 6% TS reactor achieved 94% solubilization of Zn and 71 % solubilization of Cu. 
These results closely resemble data from other studies with lower TS concentrations found in 
Table 4. 
Further investigation of the sulfates, solids, and pH values in Figures 10 show the 
production of sulfate at varying TS concentrations as the sludge is microbially acidified. At a 
substrate concentration of 5000 mg/I and TS of 9%, the sulfate levels increased rapidly to 
24,000 mg/1 in 10 days. Other papers using lower TS concentration have reported sulfate 
concentrations between 5,000 mg/1 and 12,000 mg/I at the end of the bioleaching experiment. 
The sulfate values in this experiment were much higher than values reported in previous 
studies and indicate increased biological oxidation of sulfur. Then the production of sulfate 
appears to stop: as the sulfate concentration leveled off, so does the corresponding pH value. 
This phenomenon happens in all the bottles tested in these experiments except for the 3 % 
solids, which ended after 13 days due to its rapid rate of acidification. The graphs also show 
that at a greater solids concentration, a greater level of sulfate is produced. If the 
microorganisms are going to decrease the pH, they are going to produce a larger quantity of 
62 
sulfates due to the rising buffering capacity of the sludge at high solids. In Figure 10, the 
5,000 mg/1 substrate concentration with 9% solids achieves a 24,000 mg/1 concentration of 
sulfate whereas the 3% and 6% TS sludge only achieved 9,000 and 20,000 mg/1 sulfate 
concentration. 
The initial substrates concentrations also appear to be a factor in the acidification of 
the sludge. At substrate levels of 10,000 mg/1 of sulfur, the quantity of sulfate produced is 
approximately 5,000 mg/1 higher on average than the lower substrate. These results support 
Figure 9 in that pH is affected by substrate levels. It appears that at higher concentrations of 
TS a higher amount of substrate is required to acidify the sludge. 
Although these two graphs only show substrate concentrations of 5000 and 10000 
mg/1, the results of no substrate are in Appendix A page 73. The rise in the sulfate levels in 
bottles that did not receive added sulfur as substrate shows that reduced forms of sulfur do 
exist in anaerobic sludges. These figures are also used to determine initial concentrations of 
reduced forms of sulfur so the amount of oxidized sulfur can be estimated. To determine the 
amount of reduced substrate oxidized, Figure 11 was constructed. The sulfate concentration 
in these two graphs is in the form of sulfate as sulfur, SO4-S. The initial concentrations of 
reduced sulfur compounds were found to be approximately 1100 mg/1 at 3 %, 2000 mg/1 at 
6%, and 3000 mg/1 at 9%. Using these as baseline values and the maximum concentrations 
of sulfate as sulfur in mg/1, an estimated of the sulfate oxidized can be computed. The 
estimate oxidation of sulfur for 10000 mg/I substrate is 55% S oxidized for 3%, 60% S 
oxidized for 6%, and 70% S oxidized for 9% TS. 
These results show that as you increase the solids a higher percent of the substrate is 
used by the microorganisms. The most sulfur oxidation (70%) occurs in the 9% TS, 
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therefore 3,000 mg/1 of sulfur would be applied to land and have the potential to acidify the 
soils. Therefore, further research needs to investigate the removal of reduced sulfur or ways 
to increase oxidation efficiency. Hence, the reduced forms sulfur in sludges need to be 
minimized, so sludges applied to farm fields as fertilizer are less likely to cause acidification 
of the soils. 
D. Pathogen reduction 
Pathogen tests were conducted on all 6 samples. The substrate concentration with the · 
lowest pH levels achieved was chosen (10,000 mg/1 substrate) to be controlled and the solids 
where varied 3%, 6%, and 9% each in duplicate. Initial samples where taken along with 
samples at the end of the bioleaching experiment and sent to a Hygienic lab to test for fecal 
coliforms. The pathogen reduction results are located in Table 9. 
Table 9. Pathogen result for samples taken from USA Swine experiments from 10,000 mg/1 
substrate. bottles 
Total Solids Fecal Coliforms Log Reduction 
% MPN/ g dry weight 
Initial Final 
3 9,000 <33 2.5 
6 15,000 260 2 
9 12,000 10,000 Insignificant 
Levels of fecal coliforms for both the 3% and 6% TS with 10,000 mg/1 of substrate 
are well below the limit set by 40 CPR Part 503. The 9% TS did not show significant 
reduction in fecal coliforms but the pH in this sample never dropped below 4. Therefore it 
appears that the acidification due to bioleaching is able to eliminate a significant portion of 
pathogens and can produce a sludge that will meet Class A biosolids regulations. 
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CHAPTER V. CONCLUSIONS 
A. Engineering significance 
This study demonstrated that bioleaching on anaerobically digested swine wastes with 
high concentration of heavy metals is not only possible, but it can yield very high 
solubilization efficiency. The brief look at the relationship of inoculation and bioleaching 
concluded that inoculation does affect the rate of metal solubilization and acidification of the 
slurry. Experiments with USA Swine sludge yielded solubility of 96% for Zn and 72% for 
Cu if factors are controlled in the optimum ranges ( 6% TS and 10,000 mg/1 of substrate). 
These results confirm previous research that Zn is more soluble than Cu at comparable pH 
values. The optimum solubilization efficiencies for bioleaching of anaerobically digested 
swine manure increase as TS concentrations decrease. This study provides new data on the 
effects of bioleaching at high solids concentrations 6% and 9%. The data show that 
bioleaching is possible at solids concentrations of 6%. At a TS concentration of 9%, the 
ability of Thiobacilli to reduce the pH is insignificant. At higher concentrations of total 
solids, a greater amount of substrate is required by the microorganism to acidify the slurry 
and solubilize the metals. Estimations of substrate consumption confirm this conclusion. 
Due to the higher substrate consumption, nearly 70% is consumed for 9% TS and 1 0000mg/1 
sulfur. The sulfate production of all bioleaching experiment produced interesting trends, the 
plots leveled of after approximately 10 day and then remained constant. 
Levels of fecal coliforms for bottles that, showed to be successful in reducing the pH 
and solublizing metals, were well below the limit set by 40 CFR Part 503. Therefore the 
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process of bioleaching appears to be able to eliminate a significant portion of pathogens and 
can produce a sludge that will meet Class A biosolids regulations. 
B. Future research 
The experiment of inoculation on the rate of metal solubilization and acidification of 
the slurry shows that inoculation does play some role in increasing the rate of acidification, 
but the mode through which inoculation affects these aspects was not determined. Further 
studies will need to be conducted to determine the method by which inoculation increases the 
rates of solubilization and acidification. 
Many aspects of this study would require further research before sound engineering 
principles can be applied for the design of full scale bioleaching reactors. Such research 
would include using reusable sulfur pellets for substrate to eliminate the potential of the land 
applied treated biosolids to cause decreased pH levels in the soil due to reacidification of the 
sludge by reduced sulfur compounds. Other needed research would analyze the feasibility of 
separating the solid and liquid portion of the sludge after bioleaching and treating the liquid 
portion with lime to precipitate the soluble metals followed by taking the high pH 
supernatant from this process and mixing it back into the low pH solids to neutralize the of 
both sources before land application. Investigations of the role that inoculation play in 
increasing the rate of acidification and solubilization could also be researched. 
An important factor that should be looked into is the further research of bioleaching 
and substrate concentrations at 9% solids. The data from this paper shows that if a higher 
substrate was used at 9% solids, the potential for more acidification exists. Therefore further 
research could be conducted on higher substrate concentrations at 9% solids. 
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If full scale application of bioleaching for treating swine manure at a swine facility is 
viable, the bioleaching process would need to run on a continuous bases. Therefore, research 
would need to be complete using a continuous reactor, looking at various HRTs, SRTs, and 
tank designs to optimize solublization. An efficient solids separation procedure would need 
to be researched along with treatment of the liquid portion. Some studies have looked at 
using sulfate reducing bacteria to precipitate the soluble metals and remove metals in the 
supernatant. This process would run in series with bioleaching and would complete the 
sulfur cycle. 
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APPENDIX A. 
Raw Data from Solids, Sulfate and Inculcation Experiments 
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Raw Data from Solids, Sulfate and Inculcation Experiments 
Zn Cu 
mg/kg mg/kg 
4345.33 1498.67 
3719.33 1414.00 
3567.33 1410.00 
4664.00 1527.33 
3495.33 1394.00 
3301.33 886.67 
1760.00 962.22 
2661.11 1165.56 
1568.89 1640.00 
2266.67 1604.44 
1344.44 1199.33 
2662.22 936.11 
2754.44 1008.33 
2512.78 915.00 
2688.89 867.78 
2654.44 1042.96 
2599.63 820.74 
Statistics for Zinc and Copper Concentrations 
Zn Cu 
Number of values 17.00 17.00 
Sum 48566.19 20293.15 
Minimum 1344.44 820.74 
Maximum 4664.00 1640.00 
Range 3319.56 819.26 
Mean 2856.83 1193.72 
Median 2662.22 1165.56 
First quartile 2451.25 930.83 
Third quartile 3513.33 1435.17 
Standard error 220.07 69.21 
95% confidence interval 466.55 146.72 
99% confidence interval 642.83 202.15 
Variance 823330.20 81422.24 
Average deviation 700.20 251.54 
Standard deviation 907.38 285.35 
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Raw Data from Solids, Sulfate and Inculcation Experiments, Continued 
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Raw Data from Solids, Sulfate and Inculcation Experiments, Continued 
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Raw Data from Solids, Sulfate and Inculcation Experiments, Continued 
ORP vs. Time of 3% Total Solids, Varying Sulfur Concentrations 
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.... ... _ Raw Data from Solids, Sulfate and Inculcation Experiments, Continued-
Sulfate Concentrations vs. Time , 3% Total Solids 
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Raw Data from Solids, Sulfate and Inculcation Experiments, Continued 
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Raw Data from Solids, Sulfate and Inculcation Experiments, Continued 
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Raw Data from Solids, Sulfate and Inculcation Experiments, Continued 
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Raw Data from Solids, Sulfate and Inculcation Experiments, Continued 
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APPENDIXB. 
Results of Previous Studies 
Time Temperature Percent Percent Percent To t.a l col iforms Tota l colitorms 
Source Biosolid Type Total Solids IYQ&_o!__ ~a~t!!'l~ lni1ial .Q_H Final pH Days Celsius Cu S~ ubilized Zn Solubi llzed VSS Roduction lu it ial Final 
Anderson. c t. a l. (1998) I StOfmWaterSedirnent 3.50% T. ferroxidans Pure Culture I 4.50 2.00 
Ara Ip CL al (200 I) I Activated Sludge and Leachate 0.60% Acclimated T . thiooxidans I 5.78 2.92 
14 .00 I 38 21 00 25 64 98 80 20 
Activated ShJdoe and Leachale 0.80% Acclimated T. lhiooxidans I 4.84 2.12 33.00 25 15 35 
Activated Sludge and Leachate I 0.60% Acclima_ted T, thioo,idans 5.52 3.30 21.00 25 92 18 
Blais c t. al. ( 1992 ) Aerob,c sludge I 1.70% Acclimated T. 1hioo,idans 6.60 2.00 2.00 28 67 73 I 7_3· 10' I <1 .0·10' 
Aerobic sludge _ L 0.68% Acclimated T. lhiooxidans 6.60 · I 2_.70 2.00 28 58 22 I S.)·10' I <1 .0· 10' 
Blais cl. al.1!92_)} _ J ___ Activat§_~l_u<Jg_e 1.40% Acclimated T. thiooxidans _ I 6.04 2.05 5.00 28 92 88 
Aerobica ll~diaestcd_ _ L_ 2.30o/o Acc!imat~ fh_iooxidans 6.95 1.59 5.00 28 90 97 
Aerobicallv dioesled I 3.20% Acclimated T . thioo'Jlidans 6.72 \ 2.21 5.00 28 69 92 
Activated Sludoe ___J__ 0.71% Acclimated T. lhioo'Jlidans 6.92 1.55 5.00 28 89 88 
Anaer9bicallv _Oiae~1eq _ \ 1.30% Acclin:,e(ed T . thiooxidans 6.60 2.10 5.00 28 81 97 
Blais ct. al. (_ 199 31 I Aerobically digested I__ _ 2.2_8% _ _ _ _l AcclimatE«I 2:_ lerroxidons 4.00 2.50 14 .00 7 68 80 
Aerobically digested 2.28% Acclimated T. lerroxidans 4.00 2.50 10.00 14 71 80 
Aerob>Calty digest!ld -~ 2.28% Acclimated T. ferroxkJans 4.00 2.50 7.50 21 73 80 
J------ -----+-- Aeroba!I d. esled 2.28% Acclimaled T. lerro'Jlk/Bns 4.00 2.50 t== ____ j___ Ae;ot,.caa~:':!d 2.28% Acclimated T. le"oxidans 4.00 2.50 
Aerot*.auy diges!ed 2.28% Acc limated T. ferroxkians 4.00 2.50 
SM ___ 28 
s nn 35 
4.00 
75 60 
75 82 
76 80 
Aerobtca_ll_yd_1c1e~ted J __ __ 2~ __ L___ Acclimated T. rhiooxidans J 6.90 2.00 14 00 75 94 
Aerooicallv ctioested / 2.28% Acclimated T. thiooridans I 6 .90 l 2.00 10.00 14 77 91 
Aerobit!allvd1oested I 2.)_8°4_ _ l Acciimafed T. rhiooxKJans 6 .90 I 2.00 l.SO 21 87 90 
Aeroor.allvdiaested I 2.26% __ _l_ _ ____ Acclimared T, thiooxidsns I 6.90 2.00 5.00 28 75 8.4 
Aeroo~UvdiQesled \ 2.28% I Acclimated T. thiooxidans I_ 6 .90 2.00 5.00 35 83 88 
Aerobicallv dioest~ _ J_ 2:28% Acclimated T. lhiooxidons 6.90 I 2.00 42 0 0 
Blais et. al. ( 1992) Primary Sludge 1 10% I Aci<l Leaching 6.59 I 1.47 t.00 21 45 67 
Prim~~ 1.10% I Acclimateo T. th100xidans 6.69 I 1.77 1.00 21 80 87 
Prima,y_S_l,.,<lg_e I 1.lO'f, I Acclimated T. lerroxidans J 6.69 J 2.74 
Aerot>cailyoiaes ted I _ __ 2.20o/'---_L AcidLeachina I 7. 10 . 1.50 
- 1-- .. ~:~~ -~:~:::~--•l ~~~:::~~~:;~:.: ;:~~ ;:~ J . VV 
5s I 80 ··-·-!~ ·----=F---~ 
Anae«>bkallyOioi,sred I 2.0-4o/, ____ L ______ Acic1Leachi11_a __ L 7.60 1.51 42 65 
Anaerobicallv 01oesIed L 2.04% AcclimaIeo T, tnt00K1dans I 7.60 j 2.00 21 67 63 
Anaerobicallv Oioested I 2..Q!o/!_ __ l ___ Acclimated T. ferroifdans I 7.60 3. 14 21 55 90 
Blais ct :,I. f 1993) Acrivaled Sludgo I 1.40% I AcclimalP.d T. thioo,odsns I 7.61 I 2.02 28 90 67 
Aerobicallv_ 9_ig_ested I 0.40% l __ __p.~l'l!Q~~-r~ rnioox,dans I 7.71 2.20 5.00 28 BS 77 
Agi_'!'_a~~Qg_e · I 0.50% ~f_c;l1rn_m~_J. rnioo,cidans I 6 .60 1.71 5.00 28 95 97 
Aerobicanv diQested I 2.30% Ac;clji:n_aJed_ T. rhiooxidans I 6 .23 1. 73 5.00 28 93 93 
Activated Studoe J_ ____ Q,_50% Acclimated T. rhioo,idons I 7.00 I 1.34 5.00 28 95 99 
AerobicaUv dioesred 1.00% \ Acclimated T. thiooxidans I __ l fil 1.25 5.00 28 
<nn 28 
, .w 28 
96 97 
(X) 72 88 I I I I 
41 76 l J l J 0 
Aclivate<J Sludae 1.50% Acclimated T. thk>o'Jlidsns 7 .39 1.98 ..,.vv 
A~OQ~llv dioes~ J.00% Acclimated T. thiooxkians 7 .30 2.3 1 
Acrlva11,d _$ludg_e_ .. _ _ L 1 .40% Acclima lod T. thiooxirlans I 6.50 I 2. 19 
Aerobicallv dioested I _ 3.;!_0J,_ _ _ L Acclima ted T. lhiooxidnns I 7 .68 2.86 
28 
5.00 ---28 
80 76 
39 70 
Acfiva ted Sl'!lfg_e 0, 101', l _ __ 1'<:e_lilllaled T. thic>Qxigj,_n~ I 6.96 2.32 5.00 28 47 65 
Aerobically diaested 3.10% I ~ccl!~_I,_J_hiQqxigQ!J~ I 7.50 1.86 5.00 28 71 98 
Oxidation pgnd slud_oe I 0.60% I Acclima ted T. thiooxidans 6.86 1.30 5.00 28 96 96 
Acriv11_fed_SllJ_~ __ L 0.70% Acclimated T. thiooxidans j_ _ 6.87 I 1.50 5.00 28 94 80 
Anaerobically Dioested l ___ 2.40'Y,_ ___ L Acclimated T. thiooxldans _ I 6.50 I 2_._10 5.00 28 43 78 
'"" Anaer~allv Dioested 2.80% Acclimated T. thioox,dans 6.89 1.97 .v.N 28 45 76 
Activated Slud_g~ 00 2_Q% ___ L Acclimated T. thiooxidans I 6.82 l ' 1.90 
>--__ 2_8 
5.00 28 
60 76 
86 8.4 -- · ·----·----
Prima_!.Y._$1udQe__ _ -2.60% Acclimated T. thioo'Jtk/8ns 6.69 1.74 --- - ~ --
Anaerobically_l)_ig_es fed I 1.40% ___ _:_AcQin1i!tejl__T. thiogxidans I 6.09 I 1.75 5.00 28 87 82 I l 
Anaeroocally_()_ig_es ted I 1.60% I _A_cclimated_T. lhiooxidans I 7.71 I 1.97 5.00 28 85 87 I I 
Anaer_oblc;,ll_~ Qioes ted L _ U 9""-___ L__ Acclimated T. thiooxidans L_ 7.23 I 1.97 5.00 28 85 97 I I I 
Activa ted Sludoe j 1,90% _ I ~Cfli_ma,ed T. thigoxidsns 6.08 I 1.38 5.00 28 87 98 I I I 
Ae.-obicallv ~ig_ested I 2.90o/, I Acclimateg T~lhiooxidans 7.38 I 2.24 5.00 28 70 78 I I I 
Chen cl. al. (2000) Contaminaled Sediment 1.00% T. thioparus an<l T. thiooxidsns Pure 8.00 I 2.00 4.00 30 99 99 
Contaminated Sediment 2.00% l T. thiooory~ c!nd J .J hioox_icja!_l~ ,:'ur_e ____ L_ _ _ 8.00 I 2.00 7.00 30 90 99 
Con-tam-in_ a_ led seo_ .imenl ___ __ L _ 4.00% L T. lhiooarus and T. thiooxidans Pure 8.00 2.00 •u.vv 
Conta_minated Sedimenl [ -_ _ 7.Q9_%__ _ __ T. thiot>arus and T. thioo'Jtidans Pure 8 .00 2.00 ... .. ,. ... 
' " "" 30 
L JW
---30 88 98 90 97 
Contaminated Sediment 10.00% j T. thiooarus and T. thiooxidans Pl!'• I 8.00 I _2.00 35.00 30 91 96 
lro ct. al. (20001 I Contaminated Sediment · 2.00% Ferric Sulfate 7.50 I 2.50 5.00 25 81 89 
Lombard i c l. al. (200 1) I Anaerobically Digesred 0. 70% T. thioparus and T. thiooxidans Pure 3.00 0.20 30.00 30 86 9 1 
Anae.-obicallv Dio~sled I 3.50% T. thiooarus and T. thiooxidans Pure L __ 3.00 I 0.20 :J0.00 30 86 120 
Anaerobically Dioesled 7,00'Yo ____ I_ T. thioparus and T. thiooxidans Pure L 3.00 I 0.20 30.00 30 114 142 
Anaerobically_D~sred I 0.70% I _T_. k rro•idans Pure Cul,ure _ 3.00 I 1.70 30.00 30 45 90 
An_aerobically Dioested ]_ ___ 3.SQ'l'._ I T. lerro,idsns Pure Culture 3.00 I 2.40 30.00 30 53 114 
Anaerobicallv Dioeoled I 7.00% I T. Jerro,idans Pure Culture I 3.00 I 2.90 30.00 30 114 120 
l'ya~i er. al. ( 1988) _l_ _Anaerobically Digested I • 0.50% Mixed Acclimated thiooxidans and lerroo,idans 4.00 I 2.00 
Anaerobically Dioested I 1.50% I Mixed Accli rTlaled _thi9Qxid_an_Land_ lefl'OO•id_ans I 4.00 I 2.0Q 
Anaerobically Dioes1ed 2.10% I Mixed Ac~limated thiooxidans and ferroo'Jlidans j 4.00 I 2.00 
Anaergt>JcaUv _Qi~sted 3.50% I Mixed Acclimated thioo'Jtidans and ferrooxidans 4.00 2.00 
AnaerobJCallv 010es1ed- L _ _ _ L_ _ Mixed Acclimated thioo'Jlidans and ferrooxidans 4c9() 2.00 • 
23 
23 
23 
23 
23 
47 93 
69 88 
48 74 
55 67 
46 60 
Vccken cr. al. ( 1999) I Activated Sludge. 0.50% Citric Acid 4.00 I 4.00 12.00 30 60 98 
81 
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